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Abstract
I present optical, X-ray, and theoretical studies of supersoft X-ray sources detected with the ROSAT
PSPC during its guest observer phase of operations. Supersoft X-ray sources consist of a variety of
celestial systems including white dwarfs undergoing nuclear burning on their surface (NBWD) and
active galactic nuclei (AGN).
I conducted an optical survey optimized to located new NBWD in the Milky Way. No new
sources were found, and the results are consistent with an upper limit of -500 for the number of
NBWD in the Milky Way. During the search process, I did identify 131 new supersoft sources, most
of which were either AGN or stars with active coronae.
I performed over 180 ksec of optical spectroscopy on the NBWD RXJ0019.8+2156, using its
exceptionally strong He II 4686A emission line to determine an orbital period of 15.85151- 0.00024
hours and a Doppler curve with an amplitude of K = 71.2 ± 3.6 km s - 1. Additionally, I discovered
transient low-velocity jets (-900 km s-l), and the fact that the strength of the P Cygni absorption
in the system is variable with the orbital period. We find that the jets are aligned with the angular
momentum axis of the binary.
I developed two computer codes to facilitate our studies of NBWD. The first performs computa-
tionally fast simulations of nuclear burning on the surfaces of white dwarfs. We use this tool to study
the response of the gaseous envelope on the white dwarf to steady as well as variable accretion rates,
including impulsive accretion. The second code simulates the evolution of a binary system, allowing
for donor stars which are more massive than their white dwarf companions. This code is then used
to derive probability distributions for the initial and current epoch binary system parameters found
in RX J0019.8+2156.
Finally, I demonstrate that supersoft AGN appear at a wide range of redshifts and luminosities.
An X-ray selected flux limited sample is formed to study the spatial and luminosity distribution of
supersoft AGN. I was not able to identify all the objects in this sample with optical counterparts,
and therefore its value in determining the luminosity function is somewhat limited. However, I use
the measured results to create upper and lower limits to its true value. I then use these limits to
show that supersoft AGN are likely to play an important role in explaining the observed soft excess
in the 0.1-0.28 keV band of the cosmic X-ray background.
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Detailed Abstract
Supersoft X-ray sources (SXS) are celestial objects whose X-ray spectra show an extremely steep
fall off with increasing energy and have most of the incident soft X-ray flux below 0.5 keV. SXS
are found among a wide variety of astrophysical systems, although they typically represent only a
small fraction of each class of objects. Types of systems that show supersoft emission include white
dwarfs undergoing nuclear burning on their surface, magnetic accreting white dwarfs in binary
systems, isolated hot white dwarfs, some stars with active coronae, and some special active galactic
nuclei.
The ROSAT PSPC is an excellent instrument for the study of supersoft sources, combining high
sensitivity in the 0.1-2.4 keV band with moderate spectral and imaging capabilities. I selected 4402
SXS from two published catalogs of X-ray sources detected by the ROSAT PSPC during pointed
observations. The selection criteria were either (1) that 75% of the detected counts are at energies
lower than 0.5 keV or (2) that the source has a spectral softness ratio which is representative of
SXS behind high column densities of interstellar gas. The great majority of these sources are new,
serendipitous X-ray detections within the PSPC field of view; i.e., they were not the target of
the original observation. I conducted computer searches of on-line catalogs of numerous types of
astrophysical objects to find coincidences with the ROSAT SXS. These searches returned a 12.4%
identification rate, i.e., 547 of the 4402 sources were identified with optical and.or radio counterparts
found in the literature.
I planned and carried out an extensive observing campaign to optically identify selected samples
of the SXS. Three of these samples are designed to locate white dwarfs in binary systems accreting
mass rapidly enough to sustain nuclear burning on their surface (nuclear burning white dwarfs;
NBWD). The remaining group is an X-ray flux limited sample, designed to characterize the relative
constituency of objects which have supersoft spectra.
The optical campaign was undertaken between 1994 December and 1997 March, predominantly at
the Michigan-Dartmouth-M.I.T. (MDM) observatory at Kitt Peak, AZ. During 14 different observing
runs, I spectrally classified the optical counterparts of the SXS in each subsample. This effort yielded
new identifications of 72 active galactic nuclei, 45 stars with active coronae, 6 isolated white dwarfs,
6 cataclysmic variables, and no new NBWD. Additionally, 244 bright stars (included among the
literature identifications) are noted for being associated with the SXS.
I also used some of my MDM observatory time to monitor the optical spectrum of RX J0019.8+2156,
the only known, unabsorbed, close-binary NBWD in the Milky Way. In total, I observed this source
for more than 180,000 seconds over a period of more than two years. Radial velocity measurements
of the He II 4846 A emission line show that the Doppler velocity of the white dwarf is 71.2 ± 3.6 km
s- 1 with a period of 15.85151 ± 0.00024 hours. The rest frame summed spectrum shows extremely
rich He II emission in the n -* 3, n -+ 4, and n -+ 5 transition series. To the best of my knowledge,
such an extensive He II emission series has never been observed in any astrophysical system. The
spectra also show two different signatures of mass outflows. P Cygni absorption profiles appear at
all epochs, but are modulated on the orbital time scale. Furthermore, low-velocity jets (-800 km
s- 1) were discovered which are transient but appear at all orbital phases. This is only the second
luminous galactic-type SXS to show jet-like outflows. Thus SXS join the growing list of astrophys-
ical objects which show such a phenomenon. Using Monte Carlo methods, I determine the orbital
inclination angle, i, of RX J0019.8+2156, finding i ; 250. This result, is somewhat at odds with a
previously published photometric data which shows both primary and secondary dips in the folded
light curve.
To facilitate the process of studying nuclear burning on white dwarfs, I developed two computer
codes. The first of these simulates the process of accretion onto white dwarfs, tracking the state of
the accreted gas as a function of time as it eventually builds into a burning shell. Depending on
the mass of the white dwarf and the accretion rate, the burning can range anywhere from violently
unstable (nova explosions) to relatively steady. The nuclear burning code takes a unique approach
to the problem, using a small number of spatial zones, a simplified equation of state, and simplified
radiative opacities to produce a code that exceedingly fast computationally, yet can reproduce the
basic results of more conventional evolution codes. I use the burning code to study a variety of
conditions for accretion onto a white dwarf, e.g., different functional forms of the time varying
accretion rates, and a range of white dwarf masses. Particular emphasis is given to the study of the
response of the white dwarf envelope to impulsive accretion events that last only for a prescribed
time. I explore a wide range of accretion rates as well as impulse durations. I find that the envelope
can not respond arbitrarily quickly, but rather requires about a year to reach its peak luminosity
for a substantial range of accretion parameters. This result may contradict a number of simple,
qualitative models put forth to explain some of the observed temporal variations in SXS.
The second code is designed to study the evolution of a close binary system in which mass
transfer is being driven (in part) by the thermal expansion of the donor star. The code computes
the evolution of the orbital period, the constituent masses, and mass transfer rates as a function of
time. I use this code to explore possible long-term secular evolutionary paths leading to SXS, in
general, and to RX J0019.8+2156, in particular. Among other things, this code was incorporated into
the Monte Carlo simulation (mentioned above) which was used to derive probability distributions for
the system parameters in RX J0019.8+2156. An important caveat to not about this code , however,
is that typical time steps during the crucial parts of the evolution are -100 years and therefore
would average out any shorter time variations in the nuclear burning. Finally I point out that the
nuclear burning and binary evolution codes have been created in concert, with the idea of eventually
merging the two, creating a fully self-consistent model on all time scales.
Finally, I return to the supersoft AGN to study their properties. These sources dominate the flux
limited sample. While supersoft emission has been previously seen in AGN, it was thought to be a
low-luminosity, small-redshift phenomenon. My results show that a significant fraction (,30%) of
the SXS AGN are found at redshifts larger than 0.75, and about 55% have quasar-like luminosities
(Mv < -23). Using ten SXS AGN from the flux limited sample with redshifts ranging between
0.1-1.0 keV, I determine that the mean photon index of a power-law fit to the spectra of these
objects is 3.0 ± 0.3. This allows me to compute (Fx/Fv) = 2. +3.9 where the effects of interstellar
absorption have been taken into account.
Tests of the spatial distribution on 66 of 68 SXS AGN in the flux limited sample show that these
objects are not dispersed uniformly. A co-moving (V/V,,,ma) test on this sample yields 0.609 + 0.036.
This effect was more pronounced for the AGN with higher luminosity and redshift. Using these 66
AGN I computed a lower limit to the luminosity function for SXS AGN, which is best fit by a broken
power-law, with a slopes -1.42 and -2.29 at low and high luminosities respectively. The break point
is not well defined, but is in the vicinity of 1045 erg s- 1 . An upper limit to the luminosity function
was estimated by rescaling the luminosity densities for the unidentified portion of the flux-limited
sample and additionally ignoring the density break above 1045 erg s- 1 . On the other hand, the lower
limit is simply the number of AGN found in the flux limited sample to date, including the power-law
break. The results are used to constrain the contribution of SXS AGN to the soft X-ray background.
I find that only a small portion of the emission between 1-2 keV (3-25%) can be accounted for by
these SXS AGN. However, in the 0.1-0.284 keV band, SXS AGN are likely to play a dominant role
in explaining the observed excess flux above the value expected from extrapolation of the cosmic
X-ray background from higher energies.
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Chapter 1
Introduction to Supersoft X-Ray
Sources
This chapter introduces the reader to the terminology, taxonomy, and basic physics of
supersoft X-ray sources in general and nuclear burning white dwarfs in particular. This
is followed by a discussion of applications for studies of supersoft X-ray sources, which is
the motivation for this thesis. Finally, I discuss this thesis in terms of how it contributes
towards the body of knowledge on this subject.
1.1 A Brief History of X-Ray Astronomy
Earth's atmosphere is virtually opaque to photons in the X-ray region of the electromagnetic spec-
trum, i.e., with wavelengths between 0.1 and 100 Angstroms. In order to detect celestial X-radiation,
instruments must be sent to the very highest reaches of the atmosphere or, preferably, completely
above it. Accordingly, X-ray astronomy developed as a science along with the global space program.
The development of the field can be conveniently summarized in four eras, each corresponding
to a calendar decade. A more detailed review is given by Bradt, Ohashi, & Pounds [16]. A second
excellent source is the opening chapter of Exploring the X-Ray Universe [25]. The interested reader
is directed to these sources.
The 1960's marked the era of initial discoveries made with sounding rocket experiments. R.
Giacconi et al. discovered the first celestial X-ray source, Sco X-1, in 1962. In addition to this
point-like X-ray source, the same experiment also established the presence of diffuse X-ray emission
permeating the sky, the cosmic X-ray background (CXRB). By the end of the 60's, after numerous
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sounding rocket experiments, a few tens of sources had been cataloged. These consisted mainly of
point-like sources generally lying in the galactic plane. A few of the sources were associated with
supernova remnants (SNR) and one was identified with the active galaxy M87. At this point the
compact X-ray sources were only poorly understood. During the same time frame, pulsars were
discovered [67] and X-ray emission was detected from the Crab pulsar [14].
The 1970's ushered in the era of X-ray satellites carrying non-imaging, collimated proportional
counters. These led to a basic understanding of the physical mechanisms driving many of the
observed phenomena in different classes of X-ray sources. The first of these missions, Uhuru, was
launched in 1970. The discovery of pulsed emission from first Cen X-3 [145, 48] and shortly thereafter
from Her X-1 [158] showed conclusively that many of the mysterious point sources discovered during
the sounding rocket era were in fact neutron stars accreting matter from binary companion stars.
The final version of the Uhuru catalog listed 339 celestial sources [43], including binary systems
containing a collapsed star (e.g., a neutron star or black hole), supernova remnants, active galactic
nuclei (AGN), and diffuse hot gas in clusters of galaxies. Further missions (e.g., ANS, Ariel 5,
SAS-3, HEAO-1) discovered other types of X-ray emitters, such as cataclysmic variables, hot white
dwarfs, as well as new types of phenomena (e.g., X-ray burst sources). Most of these observatories
had their best confined to the range of 1.5-15 keV, although there were detectors that could be used
to observed down to 1/4 keV. As new types of objects were discovered and the observations became
more extensive, physical models for the various classes of sources developed very rapidly. Later in
this thesis I discuss two of these, i.e., models for binary X-ray sources and AGN.
In the 1980's came the development of satellites carrying imaging X-ray telescopes. These in-
struments collected data with orders of magnitude better sensitivity than was previously available,
increasing not only the number of sources known (by more than a order of magnitude), but also our
ability to form X-ray images of extended objects (e.g., supernova remnants and clusters of galaxies)
and to carry out X-ray spectroscopy observations. The most notable of these missions was HEA 0O-2
also known as the Einstein Observatory. Einstein observations (covering the range 0.5-4.5 keV) were
responsible for the discovery of ordinary stars with active coronae, high resolution spectroscopy of
bright supernova remnants, large samples of AGN suitable for study as an ensemble, the discovery of
X-ray jets, mapping the hot gas in clusters of galaxies, and the detection of individual point sources
in galaxies beyond the Magellenic Clouds. The Einstein extended medium sensitivity survey (which
only covered about 2% of the sky) detected 835 sources [49]. Each result fueled new areas of ground
based optical work, follow up X-ray studies, and theoretical research. As the data improved so did
the understanding of the physical phenomena producing the X-rays.
The 1990's have seen the development of specialized missions and even more sophisticated in-
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strumentation. The German ROSAT was designed to explore the softest regions of the X-ray sky
(0.1-2.4 keV). It conducted an all-sky survey and, in the process, discovered another -100,000
sources, thereby increasing the number of known sources by another order of magnitude. The
Japanese satellite ASCA utilized a new detector technology, the charge coupled device (CCD), de-
signed to detect individual X-ray photons and thereby allow X-ray spectral images to be recorded.
Following the modest spectral studies carried out with Einstein, the ASCA results propelled X-ray
spectroscopy to the forefront of X-ray astronomy. The Rossi XTE is designed with extremely large
collecting area and unprecedented timing resolution, for exploring the temporal variability of X-ray
sources down to extremely short time scales (psec). The Italian Beppo SAX mission uses multiple
instruments to obtain simultaneous data over a very large energy range. All of these missions are
leading up to the launch of NASA's next great observatory, AXAF, in the year 1998. AXAF utilizes
extremely high quality grazing incidence mirrors which will provide 0.5 arcsecond angular resolution,
focusing X-rays with energies between 0.2-10 keV. In addition to its CCD-imaging mode, two sets
of transmission gratings will provide very high resolution spectra (E/AE ~ 200 - 2000). With an
effective area similar to ROSAT, but with a greatly improved energy bandpass, spectral resolution,
and detector sensitivity, AXAF is likely to produce another large advancement in our understanding
of the X-ray universe.
1.2 Supersoft X-ray Sources
Most X-ray instrumentation prior to ROSAT was designed to study X-ray emission in the 1-10 keV
band (e.g., Uhuru and Einstein). However some instrumentation was able to detect photons as soft
as 0.25 keV (Einstein IPC, HEAO A3, SAS-3, soft X-ray collectors) and as hard as 60 keV (HEAO
A4), although these projects had limited sensitivity at the extremes of these bandpasses.
Despite its limited sensitivity below 0.5 keV, the first two supersoft sources (SXS) were discovered
in a survey of the Large Magellenic Cloud (LMC) with the Einstein X-ray observatory in the early
1980's [95]. The investigators cataloged about 100 individual sources in the LMC. Although the
LMC is a member of the local group of galaxies, it is still much farther away (50 kpc) than typical
objects in the Galaxy (a few kpc). Because of the large distances, the inferred luminosities of these
LMC sources was typically 1036 to 1038 ergs s- 1. As such, these systems were readily explained
as binary systems accreting mass onto a neutron star or black hole, known collectively as X-ray
binaries (XRB). However, the X-ray spectra of two sources, CAL 83 and CAL 87, did not show the
characteristic X-ray spectrum of an XRB. Rather, they showed exceptionally soft X-ray emission with
almost no hard component. Still, initially these sources were simply considered to be anomalously
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soft XRB systems [120, 20, 149]. Other researchers noting the spectral problems with the XRB
explanation attempted to modify their interpretations, such as by isolating the thermal component
from an accretion disk surrounding a black hole [29] they also had difficulty reproducing the soft
X-ray spectrum. An alternate method regarding spherical accretion onto a neutron star is been
proposed, but even the author of this paper considers such a scenario a "special case" [87].
The launch of the ROSAT satellite in 1990 changed the way astronomers viewed the soft X-ray
sky. The ROSAT all-sky survey, with its superior sensitivity in the 0.1-0.5 keV band, discovered
thousands of extremely soft X-ray sources, some of which were very luminous (e.g., > 1037 ergs s-1).
Supersoft X-ray sources (SXS) are typically defined as having very rapidly falling spectra with
increasing X-ray energy such that there is very little measurable flux above 0.5 keV. For a typical
interstellar column density of 1x1020 cm - 2, blackbodies with kT ! 100 eV, or power law with
a photon index greater than 2.75, would be detected as supersoft X-ray sources by the ROSAT
detectors. Details of the ROSAT detector response as well as the effects of absorption by the
interstellar medium (which can be severe) are the subject of Chapter 2.
As the optical counterparts to the SXS were identified, it become clear that supersoft behavior
was being exhibited in a number of different physical scenarios - many of which are well known
classes. Some of these classes are (in order of increasing luminosity):
1. Stars with low-temperature active coronae (L, - 1028 - 1031 erg s- 1)
2. Isolated hot white dwarfs and neutron stars (L _ 1032 - 1033 erg s- 1)
3. White dwarfs accreting matter from a binary companion. These systems are divided into two
very important subtypes:
(a) Magnetic systems in which the accretion rate is low enough that only the accretion lu-
minosity is released (L, 1033 erg s-1). In the magnetic systems accreted matter is
channeled onto the magnetic polar caps and this region emits intense thermal radiation
(T - 3x105 K).
(b) Systems where the accretion rate is sufficiently high that nuclear burning on the surface of
the white dwarf contributes much of the luminosity (L - 1036 - 1038 erg s-1), Hereafter
these sources are referred to as "NBWD."
4. "Supersoft" active galactic nuclei (L ,- 1042 - 104 7 ergs s-l 1). This is a poorly understood
subset of AGN. Chapter 6 is devoted to these objects.
Although supersoft X-ray emission can manifest itself in all of these types of systems, it still remains
a relatively rare phenomenon. Only the very hottest white dwarfs, and only a small fraction of
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the active coronae stars and AGN show the requisite gradient in their soft X-ray spectrum to be
included in this study.
Since a large portion of this thesis concerns luminous SXS that arise from white dwarfs accreting
in binary systems, I will devote much of the remainder of this chapter to a brief overview of the
astrophysics of compact objects accreting in binary systems. SXS associated with active stellar
coronae and hot isolated stars are briefly covered in Chapter 3. I return to the very interesting and
important subject of supersoft AGN in Chapter 6.
1.3 Nuclear Burning White Dwarfs
The supersoft sources receiving the most attention are nuclear burning white dwarfs (NBWD) pri-
marily because these objects, first discovered in 1981, were found to be a new class of astrophysical
objects (only 7 years ago) and they have interesting theoretical implications. Reviews which discuss
NBWD include Kahabka & van den Heuvel [75] and Hasinger [62]. Also the proceedings for the 1996
Garching workshop "Supersoft X-Ray Sources" (J. Greiner ed.) is an excellent resource. However
before discussing the NBWD, the reader should be familiar with the general characteristics of mass
transfer binary systems.
1.3.1 Mass Transfer in Binary Systems
If two stars are in a sufficiently close orbit mass transfer from one star to the other may occur. In
order to evaluate quantitatively under what conditions such transfer will take place, we compute the
effective potential (due to gravity and orbital motion) everywhere within the binary system. Once
this potential has been found, we can then compute equipotential surfaces to determine the shapes
of the stars, and the critical equipotential surfaces which limit the extent of the stars before mass
transfer commences.
Since typical stars are fluids they obey the equation of hydrostatic equilibrium
VP = -gp (1.1)
where P is the pressure, and the p is density and g is the gravitational field. This equation can be
rewritten as
VP = pV4, (1.2)
where 4 is the gravitational potential. From this we see that surfaces of constant gravitational
potential lead to surfaces of constant pressure within the stars. In short, if the fluid deviated from
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the form specified by equation 1.2, pressure gradients would develop so as to push the star back
toward an equipotential surface. Therefore, at equilibrium, stars fill equipotential surfaces.
Consider two stars with masses M1 and M2 placed in orbit about each other with orbital angular
frequency QK. The center of mass of the system is defined by a1 M1 = a2 M 2 , where ai is the distance
of star i from the center of mass. Place a frame of reference at the center of mass, rotating with the
stars, such that the z axis is perpendicular to the orbital plane and the x axis connects the two stars.
If I assume (i) that although the star has a physical extent, it is sufficiently centrally concentrated
that I can model it approximately as a point mass and (ii) that the stellar envelope co-rotates with
the orbit, then the effective gravitational potential can be written as:
GM 1  GM2  1
((x - al) 2 + y 2 + z 2 )1 / 2  ((x -a 2) 2 + y 2 + z 2 ) 1 / 2  2
where the final term is the pseudo-potential representing the fact that 4 is being described in a
rotating reference frame. Using Kepler's law [Q2 = G(M1 + M2 )(al + a2 )- 3 ] and the definition of
center of mass, we can rewrite the effective potential as:
= G(Mi + M 2 ) 1 1a (1 + q) ((X - A1) 2 + Y 2 + Z 2 ) / 2
q 1 (X2 + Y2) (1.3)
(1 + q) ((X - A2 )2 + Y 2 + Z 2 )1/2  2 (1.3)
where a = (al + a2 ), q = M 2/Mi, and all lengths have been expressed in dimensionless form by
dividing by a.
We can obtain a qualitative understanding of equation 1.3 by visualizing Q(X, Y, Z = 0) as a
potential surface (Figure 1-1). Near the stars the potential is inversely proportional to distance;
however, at large distances the centrifugal term dominates. It is also useful to study contours of
constant potential in the orbital plane (Z = 0; Figure 1-2). This represents a slice through the 3-
dimensional equipotential surfaces, to which the stellar fluid will attempt to conform. If the spatial
extent of the star is small, the equipotential surfaces are spherical, as if the companion star were
not present (e.g., the dashed curves in Figure 1-2). However, as the star grows larger (or the orbital
separation gets smaller), mass elements near the surface start to "feel" the presence of the other
star, and the spherical form become distorted to more of a pear shape.
In the family of equipotentials, there is a value at which the two closed curves touch at one point,
the "inner Lagrange" or "Ll" point; each half of the complete surface is called a "Roche lobe" (the
heavy trace in Figure 1-2). For a star filling its Roche lobe, mass at the L1 point feels no net force in
the corotating frame. Any attempt of the stellar material to expand beyond the Roche lobe results
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Figure 1-1: A surface plot of the effective potential (equation 1.3) as a function of X and Y (at
Z = 0) for a binary with q = 1. Note that the potential barrier between the stars is lower than the
surrounding values of .
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Figure 1-2: Equipotential curves of an effective potential for a binary system with q = 0.4. The
curves start as two distinct circles (dashed) and eventually merge as the radius increases. The thick
line is the critical equipotential, and each half is called a Roche Lobe. The origin is placed at the
center of mass.
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in mass being transferred toward the companion star. Frequently one speaks of the "donor" star as
the object which is giving the mass, and the "accretor" as the one which receives it. If both Roche
lobes are filled, then the stars may merge into one body, two cores with a common envelope of mass
(e.g., the light solid curve in Figure 1-2).
Therefore mass transfer takes place when a star comes into contact with its critical equipotential
surface, or Roche lobe. There are two ways for this to happen: either the star can expand during
the course of its evolution or the Roche lobe can shrink which occurs when the binary pair comes
closer together (e.g., through the loss of angular momentum).
In a binary system mass transfer affects q and thereby changes the relative sizes of the two
Roche lobes. Assume the two stars move about each other in circular orbits, then the orbital
angular momentum, Jorb is given by:
Jorb = MaccMdon(Ga) 1/2MT 1/2,
where Macc (Mdon) is the mass of the accretor (donor) star, and MT = Mdon + Macc. After taking
a logarithmic derivative and assuming all the mass lost by the donor is captured by the accretor,
one finds:
Sa SJorb & Mdon (1.4)
-2 + 2(q - 1) (1.4)
a Jorb Mdon,
Equation 1.4 says that if the donor is less massive than the accretor (q - Mdon/Macc < 1) and no
angular momentum is lost from the binary system, then as mass is transferred from the donor, the
separation between the stars increases. This makes the Roche lobe larger than the star, thereby
shutting off further mass transfer. If mass transfer exists for systems with q < 1, and it does, then
accretion must be driven by orbital angular momentum losses (JJorb < 0) according to equation 1.4.
Two mechanisms dominate the loss of angular momentum from the orbit - gravitational radi-
ation and magnetic braking. Gravitational radiation is a direct consequence of the General Theory
of Relativity. Whenever a mass distribution has a time-varying quadrupole moment (such as two
masses orbiting each other) gravitational waves are produced, removing energy and angular mo-
mentum from the system. Simple back-of-the-envelope calculations show that in a low mass binary
system containing at least one non-collapsed star gravitational radiation can drive mass transfer at
rates ranging from 10-12 to 10- 10 M® yr - 1.
Magnetic braking is somewhat less well-defined. If the donor star possesses a stellar wind and no
magnetic field, then that mass would leave the systems with the specific angular momentum of the
donor star. However, most every star has some magnetic field, and the interaction of the field lines
with the ejected matter increases the amount of specific angular momentum carried off by the wind.
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If the star losing the mass tidally interacts with its companion, then the angular momentum losses
will eventually be extracted from the orbit. of the star. Based on the braking behavior measured
for isolated stars, it can be estimated that magnetic braking in a low mass binary system, with one
non-collapsed star, can drive mass transfer at rates of 10-10 to 10-8 M0 yr-'
Gravitational radiation, magnetic braking, and the application of these processes will be discussed
in Chapter 5.
1.3.2 Accreting Compact Objects in Binary Systems
When an ordinary star runs out of nuclear fuel and the process of nuclear fusion ceases, there is
insufficient internal pressure to support the gas against its own self-gravity. The core of the star will
eventually collapse into a compact object, the characteristics of which are determined by the original
mass of the progenitor star. As far as we know, compact objects come in three types: white dwarfs,
neutron stars, and black holes. Each has a characteristic size; for a 1 M® object white dwarfs have a
radius comparable with that of the Earth, neutron stars are about 10 km in radius, and black holes
have event horizons -3 km in size. Most stars will eventually form white dwarfs. However, if the
progenitor is massive enough neutron stars (8-40 MD) or black holes (>40 MD) can result [169].
Some binaries evolve toward Roche lobe overflow after the more massive star has evolved into a
compact object. When mass is transferred to the compact object, it falls into a very deep gravita-
tional potential well. In the process the accreted mass is accelerated to high energies. This release
of gravitational potential energy is then liberated near the central object at a rate determined by
the rate of the infalling matter. This is known as the accretion luminosity:
Lace GM M = 8.4x10 34 ( Mac ac erg s-1 (1.5)Race MO / 10-8Myr - 1 109cm
where the mass and radius have been normalized to typical values for a white dwarf.
It is an interesting question to ask how efficient is a general accretion process in terms of releasing
energy. Since the maximum amount of energy that could be released is the rest energy of the mass
element (mc2 ), I define the efficiency as the ratio of the potential energy of a mass element at the
surface of the compact object to its rest energy:
GMaccm = 10 4  Mac Race -eac c Ra 1.5 0 109cm (1.6)
m2 ac M09Cm
where this expression has again been normalized in terms of characteristic properties of a white
dwarf. From equation 1.6 I find that Eacc is roughly 0.0002 for white dwarfs and 0.15 for neutron
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stars. In the case of black holes one typically uses the radius of the last stable orbit (= 6GM/c2)
for R in equations 1.5 and 1.6. For a 1 M® black hole, R is ,9x 10 and the correspondingecc is
-0.16.
Regardless of the accretion rate there is an upper limit to the amount of accretion luminosity that
can emerge from the compact object. As the mass transfer rate increases, the very act of accretion
generates so much luminosity that the outward force of radiation pressure on the infalling material
can exceed the force of gravity, thereby preventing more matter from accreting. The point at which
these two forces balance is known as the Eddington limit,
47rcGmp Ma ,,,, 13 Macc 1Ledd 4cGmpMcc 1.3x1038 ergs 1  (1.7)
nT Me '
where mp is the mass of a proton and UT is the Thompson cross section (appropriate for photons
interacting with free electrons).
In most cases, when the accretor is a white dwarf, the binary is called a cataclysmic variable
(CV). In these systems orbital angular momentum losses drive mass transfer in the range of - 10-11
to 10- s 5 M® yr-1, with typical luminosities of 1032 -1034.5 ergs s- 1.The X-ray spectra of CVs are
varied; however, most types show signs of an accretion disk, and the boundary layer between the
disk and the white dwarf produces some emission in the 1-5 keV band.
If the accretor is a neutron star or a black hole, then systems with high-mass companions are
frequently referred to as "high-mass X-ray binaries" (HMXB), while those with low-mass companions
(M < 2 MD) are called "low mass X-ray binaries" (LMXB). The X-ray spectra of both HMXB and
LMXB typically have X-ray spectra dominated by radiation in the 2-20 keV band. These sources
also tend to be very luminous, with 2-10 keV luminosities in the range of 1035 to 1039 erg s- 1.This
is in large part due to the high efficiencies that neutron stars have for converting accretion into
radiant energy (see equation 1.6).
For the remainder of this thesis, I will focus almost exclusively on accreting white dwarfs.
1.3.3 Driving High Rates of Mass Transfer
As mentioned earlier, there are two ways to drive mass transfer in a binary system. Thus far I
have considered angular momentum losses shrinking the orbit and, in the process, the Roche lobe.
The second mechanism, involving the evolution of the donor star, can often be neglected in systems
with low mass donors. However, van den Heuvel, Bhattacharya, Nomoto, & Rappaport [164] have
suggested a third driving mechanism for mass transfer. If the donor is more massive than the
accreting star, then the mass ratio, q, in equation 1.4 is larger than unity. Therefore, as one removes
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mass from the donor, the separation of the stars shrinks, making the donor star even further overfill
its Roche Lobe. This is a potentially unstable situation in that, any mass transfer tends to beget
an even larger mass transfer. If the donor star is not highly evolved, it has a property that works to
stabilize the mass transfer, i.e., its radius shrinks with mass loss. If the shrinkage is large enough
the mass loss process will continue stably, but on a thermal time scale. Since thermal time scales
can be much shorter than time scales dictated by angular momentum losses, this process provides
a mechanism for driving mass transfer at rates considerably in excess of 10-8 M® yr-' as long
as q > 1. For the remainder of this thesis, I will refer to this mechanism as the "HBNR model."
As I will show in the next section, a mass transfer rate of _10 - 7 Me yr- 1 is a critical value for
determining the what happens to the accreted mass on the surface of the white dwarf. This model
is described in depth quantitatively in Chapter 5.
1.4 A Qualitative Picture of Nuclear Burning
What happens to the mass accreted onto a white dwarf is a complex topic, and the results depend
primarily on the mass of the white dwarf, the rate of mass transfer, and the internal temperature
of the white dwarf. In Chapter 5 I discuss a new and more efficient computer code for computing
nuclear burning on white dwarfs. However, the basic principles will be described here.
At the beginning of the burning cycle, mass accretes onto the white dwarf surface and begins
to cool. As more mass is accreted, the density at the base of the accreted envelope increases
because of compression due to the overlying layers. Cooling due to radiative transport competes
with compressional heating in determining how the nuclear burning progresses. In general, the
density and temperature (due to compressional heating) become high enough that fusion processes
begin (via the CNO cycle). The increased temperature exponentially increases the rate of burning
and the hydrogen begins to fuse into helium. Precisely how this burning begins and how it proceeds
depend on the rate of mass transfer, for a given underlying white dwarf.
If the accretion rate is very low (e.g., - 10- 9 M® yr - 1 ) then the accreted matter in the white
dwarf envelope has more time to cool, and electron degeneracy pressure plays an important role
in supporting the gas. Because in highly degenerate material there is only a minimal decrease
in density for a given increase in temperature, The matter does not expand much in response to
the onset of burning. Thus the usual safety valve that is operative under normal nuclear burning
scenarios, e.g., at the center of the sun, can not stabilize the burning. As a result the nuclear burning
process becomes very explosive. All of the hydrogen is rapidly consumed and the lack of fuel and
the hydrodynamic expansion of the remaining matter quenches the process. This type of explosion
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is called a classical nova. Almost all of the mass that was accreted (and perhaps more) is ejected
into space, and the system resets itself for its next nova episode perhaps 10,000 years later.
If the mass transfer rate is moderately large (e.g., - 10-8 MD yr-1), then as the accreted envelope
gets thicker, compressional heating wins the competition with radiative cooling heating and the gas
is much less degenerate. The envelope temperature is elevated to the point where a burning cycle
begins. However, since degeneracy pressure is less important and thermal pressure, which scales
linearly with temperature, dominates, cooling via expansion is now possible. The burning cycles are
thus less explosive and recur more frequently (perhaps every 10-100 years).
If the white dwarf accretes at rates as high as - 10- 7 MD yr - 1 , then the nuclear burning can
enter an essentially steady-state regime where matter is burned as quickly as it is supplied from
the donor. The fusion process is non-explosive and all of the accreted mass is therefore retained by
the white dwarf, although in the form of helium as opposed to the accreted hydrogen. The burning
keeps the surface temperature at -500, 000 K with a radius very similar to that of the white dwarf.
Since the burning is coming from an optically thick region, the spectrum strongly resembles a Planck
black body, with peak emission determined by Wien's displacement law:
hcT ( T
Emax = 206 eV0.29 cm K 2 0 500, 000K) (18)
which is appropriate for SXS. The luminosity of a black body, integrated over all wavelengths, is
LBB = 47rR 2oT4,,rf. For this case:
LBB = 4.5x1037  R (19)109 cm 500, 000 K (1.9)
Such a system is a nuclear burning white dwarf (NBWD); and, in particular, a luminous supersoft
X-ray source (LSXS) of type "3b" as described in section 1.2. Also note that the process of burning
four hydrogen atoms into helium has an efficiency of:
4mH - mHe
nu = mH = 0.007, (1.10)4 mH
about 25 times more efficient than the gravitational energy release for accretion onto a white dwarf
(equation 1.6) of radius 5x108 cm (corresponding to 1 MD).
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1.5 The Importance of Supersoft X-Ray Sources
Now that one has a picture of what SXS are, why are they of particular interest for study? I have
already alluded to the first reason. NBWD are a new class of objects and our understanding of their
physics is still evolving. Greiner [53] has tabulated all of the known luminous supersoft sources.
Currently, there are only 15 optically identified systems known, and only 9 are of the close-binary
type (the remainder are symbiotic stars and post-nova systems). Moreover most of these identified
sources are found in the Magellenic Clouds; only six are known in the Milky Way. Of these six, just
two are of the close-binary type. Since only a handful of these systems are known, any addition to
the sample constitutes an important discovery.
But beyond our understanding of how NBWDs work, these sources may play a role in answering
some outstanding problems in astrophysics as a whole. Type I supernovae are thought to be the
result of white dwarfs which accumulate more mass until they exceed the Chandrasekhar limit. This
may result from either the steady accretion of matter from a companion star (as in a NBWD) or from
a merger with a companion star. Up to a few years ago the rate of Type I supernovae occurring in
nature was more than theorists could explain. But that was before the discovery of NBWD. Because
NBWD do not expel matter in explosive burning episodes, the underlying white dwarf retains the
mass it accretes, possibly driving the mass over the Chandrasekhar limit leading to the formation
of Type I supernova explosions. Theoretical work is currently underway to estimate what fraction
of NBWD should eventually form supernovae; however, the actual numbers rely on (1) accurate
estimates of how many NBWD exist in a large galaxy such as our own, and (2)the crucial issue of
what range of M leads to retention of the accreted matter.
There are additional questions to explore with regard to other types of SXS. Observations of some
otherwise normal galaxies show soft X-ray emission [77]. Based on theoretical population synthesis
studies which show that a significant number of SXS should be found in a typical galaxy [34], it has
been proposed that the soft excess may be due these unresolved SXS [33]. However, the significance
of such claims depends on the actual population of the SXS.
Supersoft X-ray emission from active galactic nuclei is also proving to be a very interesting
category. It had been previously known that narrow line Seyfert I galaxies can show SXS behavior
in their X-ray spectra. However, these are rather low luminosity AGN. In this thesis, I show that
supersoft emission extends to quasars at redshifts larger than 1.5!
The X-ray sky is also permeated by a cosmic X-ray background (CXRB) which is only partially
understood, especially near 0.25 keV. Contributions to this flux include extragalactic emission, the
halo of the Milky Way, and "the local hot bubble" (a region of radius -100 pc filled with a 106 K
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gas which encompasses the solar system) [105]. The relative contributions of these components vary
with energy. In the 0.1-0.28 keV band, the extragalactic component is thought to contribute about
12% of the flux [152]. However the halo component is not well constrained and X-ray "shadows"
cast by interstellar clouds beyond the local hot bubble are re-emphasizing the importance of the
halo and extragalactic components [151]. In fact, there is an excess of flux in the 0.25 keV band
than that can be explained by extrapolating the fit from the CXRB in the 3-10 keV region. The
supersoft AGN primarily radiate in the 0.25 keV band. If there are enough SXS AGN, they can
make a significant contribution to the CXRB in this band, but this needs to be quantified.
Finally, there is much to be gained by exploring the unknown. ROSAT observations provide us
with data which is more sensitive than anything to date. Only by completing a large, systematic
study of SXS can one hope to achieve a thorough understanding of SXS and uncover the next round
of questions.
1.6 This Thesis
In Chapter 2, I discuss the ROSAT satellite, its instrumentation, and operations. In particular, the
ROSAT PSPC combines high sensitivity in the soft X-ray band (0.1-2.4 keV) with moderate imaging
and spectral capabilities. Using two published catalogs of X-ray sources detected during pointed
observations with the ROSAT PSPC, I select 4402 sources as supersoft based on their hardness
ratios, an estimate of their spectral form. I proceed to define four subsamples, three of which are
designed to locate new NBWD as described above. The remaining group is an X-ray flux limited
sample, designed to characterize the relative constituency of objects which appear supersoft.
Chapter 3 is devoted to the observing campaign to identify the SXS in the ROSAT pointed
catalogs. Literature searches could only associate 547 (12.4%) of these sources with known objects
leaving the rest to be identified. My studies of over 1000 fields yielded new identifications of 72 active
galactic nuclei, 45 stars with active coronae, 6 isolated white dwarfs, and 6 cataclysmic variables.
Additionally, 244 bright stars (included among the 547 literature identifications) are noted for being
associated with the SXS. No new NBWD were discovered. I used this to constrain the total number
of such objects in the galaxy.
In addition to the survey work, I also invested some of my observing time in an optical spectral
monitoring campaign of RX J0019.8+2156, the only known, unabsorbed, close-binary NBWD in
the Milky Way. These results are presented in Chapter 4. I observed this source for more than
180,000 seconds over a two year baseline, obtaining an excellent quality co-added spectrum and also
a Doppler curve which averages out random short time scale variations in the source. The co-added
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spectrum shows extremely strong He II emission in the n - 3, n -+ 4, and n -+ 5 transition series.
To the best of my knowledge, such emission has never been observed in any astrophysical system.
The spectra show signs of outflows in the form of both P Cygni profiles, which appear at all epochs,
but are modulated on the orbital time scale. Furthermore we have discovered low-velocity jets (-800
km s-l), which are transient but may appear at all orbital phases. Radial velocity analysis of the
HeII yields a Doppler velocity curve with a half-amplitude of 71.2 + 3.6 km s-land a period of
15.85151 ± 0.00024 hours. I show that the Doppler velocity curves of the HeII, Ha, and the red
and blue jet lines all have the same amplitude and phase to within the measurement uncertainties.
Chapter 5 is devoted to the development of two computer codes. The first code explores nuclear
burning on the surface of white dwarfs. Previous codes to study this problem take either a very
detailed (and time consuming) approach or they simplify the problem to the point where the result
yields only a qualitative picture. I adopt an approach that combines the best features of both the
complex and over-simplified models. By using a small number of spatial zones and introducing
generalizations (such as a gravitational field that changes with height above the surface of the
white dwarf), but retaining approximations for the equation of state and radiative opacities, I have
created a computationally fast code capable of investigating the behavior of the white dwarf envelope
in response to various accretion scenarios. In particular, I show that impulsive accretion episodes
cannot drive an arbitrarily quick response from the envelope gas.
The second code takes the binary evolution described qualitatively earlier in this chapter and
quantifies the results. The code models the evolution of a close binary NBWD starting from a
system with a donor more massive than its white dwarf companion. The resulting mass transfer
rates can exceed 10- 7 MD yr-lfor time intervals Z 106 years. I show that these mass transfer rates
can continue for a short time after the donor has become less massive than the white dwarf. I use
this code in conjunction with a Monte Carlo technique to determine the likely system parameters
for RX J0019.8+2156.
In Chapter 6, I return to SXS AGN. I show that supersoft behavior in AGN extends beyond
the low luminosity, small redshift regime. Of 201 SXS AGN, -30% have redshifts larger than 0.75
and 55% have quasar-class luminosities. While the flux-limited sample was not complete enough to
make a final statement regarding contributions to the cosmic X-ray background (CXRB) from SXS
AGN, I am able to place firm upper and lower limits on such a component. I find that it is unlikely
that the SXS AGN contribute much to the CXRB in the 1-2 keV range; however, they may be the
dominant component to the measured soft extragalactic excess in the 0.1-0.28 keV band.
Chapter 2
The X-Ray Selected Sample of
Supersoft X-Ray Sources
The centerpiece of this thesis is an extensive optical survey for optical counterparts
to SXS detected during the pointed observations with the ROSAT PSPC. This chapter
focuses on the creation of the X-ray selected samples from which the targets for obser-
vation are selected. The reader is introduced to the ROSAT satellite and its operations.
The SXS sample is formed, but is too large for each source to be studied. Therefore, four
separate subsamples are defined, three of which were designed to locate new NBWD and
the other to address questions regarding the constituency of the SXS class.
2.1 The Basics of ROSAT
ROSAT, an acronym for Rontgensatellit (German for X-ray satellite), is a collaborative effort be-
tween Max-Planck-Institut fiir Extraterrestrische Physik (MPE), the University of Leicester, the
European Space Agency (ESA), and NASA. ROSAT was launched 1990 June 01 and has continued
its operations to this day. A review of ROSAT's history and mission objectives can be found in
a 1982 paper by Triimper [161]. Furthermore, the ROSAT User's Handbook [17] is an excellent
resource. Much of the information provided in this section derives from this document.
2.1.1 Science Instrumentation
ROSAT consists of two co-aligned sets of imaging instruments designed to study the very "soft"
regions of the X-ray sky (0.01-2.4 keV). These are the X-ray telescope and the wide field X-ray
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Figure 2-1: Schematic of the ROSAT satellite highlighting some of the instrumentation. Reproduced
from the ROSAT AO-2 Technical Description.
camera which I discuss below. For more detailed discussions of the instrumentation that are provided
in this chapter, the user is referred to the ROSAT User's Handbook and sources therein.
2.1.1.1 X-Ray Telescope (XRT)
The featured detectors aboard ROSAT are at the focal plane of the X-Ray Telescope (XRT), four
gold plated nested mirrors of the Wolter Type I design [181]. In this configuration, photons make two
bounces at grazing incidence (. 20), first off of a paraboloid surface, then a confocal hyperboloid
surface, onto the focal plane which is 2.4 meters away. These mirrors provide about 400 cm 2 of
effective area at 1 keV, and a Gaussian blur function with a FWHM less than an arcsecond for
sources on axis. However, the XRT performance degrades significantly as a source moves off axis.
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Figure 2-2 shows the effect of photon energy and incidence angle on the effective area.
The XRT collects photons for one of three detectors which can be positioned in the focal plane:
two position sensitive proportional counters (PSPC), and one high resolution imager (HRI). These
instruments are placed on a carousel and rotated into position as needed.
2.1.1.2 High Resolution Imager (HRI)
The HRI consists primarily of two multichannel plate detectors (MCP) in series with each other. A
MCP is simply an array of very narrow glass tubes with a very high voltage placed across them.
As an incident X-ray strikes a tube, an electron can be released via the photoelectric effect. As
the high voltage accelerates this electron down the channel, repeatedly strikes the tube, each time
liberating more electrons which are likewise accelerated. This process creates a cascade of electrons
out the other end; using the glass tubes to preserve the position information while simultaneously
amplifying the signal. In the HRI, detected events are assigned a time tag with a resolution of 61
upsec, and the detector is incapable of measuring another event for -1 msec.
Photons of different energies have different probabilities of creating the initial photoelectron.
This effect is referred to as the instrument's "quantum efficiency" or QE, the percentage of incident
photons which are measured as "counts" by the detector. Note while the QE is unitless, one often
sees it measured in units of area as a function of photon energy. In this case the actual QE has
been multiplied by the detector area (or effective area for off-axis cases), and the product of these
quantities is reported, such as in Figure 2-3. The quantum efficiency also gives the HRI a modicum
of spectral resolution, i.e., the ability to determine the energy of the incident X-rays, but it is hardly
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worth mentioning.
The ROSAT HRI has a square field of view 38' x 38' with an on-axis spatial resolution of 1.7".
The resolution is fairly constant (at 1.7" FWHM) up to 0 = 5', then for 5' < 0 < 12' the FWHM
begins to degrade (i.e., -5"). Above 0 = 12', the image becomes distinctly asymmetrical.
2.1.1.3 Position Sensitive Proportional Counter (PSPC)
ROSAT's featured instrument is the position sensitive proportional counter (PSPC) which combines
-0.5' spatial resolution and -400 keV spectral resolution in the 0.1 to 2.4 keV band. The device
itself is a gas chamber containing two wire cathode arrays (perpendicular to each other) bracketing
an anode array. These meshes are kept at high voltage. The incident X-ray photon is photoabsorbed
in the gas mixture, releasing an electron. As the electron travels toward the anode, there are many
collisions in the gas, liberating more electrons in the process. When the resultant electron cloud
strikes the anode, pulses are induced on the cathodes both above and below the impact point. By
measuring signals on each end of the cathode wires, the position of the pulse in the detector grid is
determined. The crossed array provides a two-dimensional location. The amplitude of the charge
cloud at the anode wire is proportional to the energy of the energy of the incident photon.
The PSPC has a circular field of view with a 10 radius; unfortunately, this view is partially
obstructed. The entrance window (a thin film of polypropylene, graphite, and lexan) is supported
by an opaque truss consisting of six spokes which extend from the outer edge to a central circle of
radius 20'. Atop this truss are two fine wire meshes with an average transmission of about 80%.
Because the XRT is so well focused it is possible to lose an X-ray source if it happens to lie behind
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one of the support wires. To prevent this, ROSAT wobbles (±3' over 400s) along the diagonal
direction of the meshes. The X-ray image is reconstructed from attitude information. The product
of the quantum efficiency and effective area, including the effects of the transmission window and
wire meshes, is plotted in Figure 2-4.
The gas chamber of the PSPC is maintained at a constant pressure by a flow of gas from
three 12 liter reservoirs which replenishes gas lost to space, primarily through the entrance window.
The PSPC's lifetime was limited by this supply. On 1994 July 6 the PSPC was closed to guest
observations. ROSAT originally utilized two PSPC detectors, PSPC-B and PSPC-C. The primary
detector (PSPC-C) was destroyed during a 1991 January 25 event in which a computer glitch resulted
in a temporary loss of attitude control and the detector was pointed too close to the sun, causing
a failure due to the very hight count rate. PSPC-B was used thereafter, which included the period
of almost all of the guest observations. All references to PSPC will refer to the PSPC-B detector
unless otherwise noted.
2.1.1.4 Wide Field Camera (WFC)
The Wide Field Camera (WFC) is a self-contained soft X-ray telescope system mounted on the
back of the satellite (see Figure 2-1). Provided by the University of Leicester, the instrument images
extreme UV photons softer than 0.2 keV (1.2' half encircled power radius), through one of six science
filters, and onto a microchannel plate detector. The detector was damaged during ROSAT's 1991
solar pointing episode. Data from the WFC are not considered further in this thesis. For more
detailed information, the reader is referred back to the ROSAT User's Handbook [17] or Pounds &
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Wells [123].
2.1.2 Operations
ROSAT's operation began two weeks after launch and it is still being used to make observations
to this date. Three phases of observations are noted: (i) performance, verification, and calibration
(PVC) of the instrumentation, (ii) the ROSAT all-sky survey (RASS), and (iii) pointed guest ob-
servations often referred to as the "AO" phase in reference to "announcement of opportunity," the
entry point into the program for guest observers.
The PVC phase lasted about six weeks and included a six day scanning observation. All instru-
mentation was powered up and some standard celestial X-ray sources (e.g., the Crab pulsar) were
observed in order to calibrate the spectral and spatial properties of the optical systems. Some AO
science observations were also completed.
The RASS was one of the prime motivators of the ROSAT mission. For six months following the
PVC phase, the PSPC-C and WFC scanned the sky in strips aligned as great circles perpendicular to
the ecliptic plane. ROSAT's scan rate was optimized to prevent earth blockages. The RASS provided
a typical exposure time of 500 to 1000 sec over most of the sky, but yielded significantly higher
exposures (-10 ksec) near the ecliptic poles where the scans intersect. Figure 2-5 shows a contour
map of exposure time plotted on the celestial sphere. W. Vogues [172] reviews the characteristics
of the RASS and some of the early science results. It was the RASS, and follow-up observations
conducted by ROSAT team scientists, that generated much of the current interest in SXS.
Finally, the guest observer phase consists of pointed observations at specific targets determined
by a competitive proposal process. These observations tend to be long duration (> 5000 s), but
they are usually scheduled as a large set of short exposures over a few days to maximize the amount
of time taking science data and minimizing the time wasted on Earth occultations. One year after
these data are provided to the observer they enter the public domain and are archived by HEASARC
at NASA Goddard Space Flight Center.
2.2 Pointed Source Catalogs
When a typical guest observer uses the ROSAT PSPC to study a particular object, they simultane-
ously image the rest of the sky within -1 degree of the target. Most of the time the serendipitous
detections are considered only as something to avoid when trying to locate a region for background
subtraction; however, these detections are predominately new X-ray sources that are detected be-
cause of a combination of ROSAT's sensitivity and long exposure time. Two groups contempo-
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Figure 2-5: The exposure time (contours) in the RASS as plotted on the celestial sphere. The
exposure of the lowest contour is 250 sec and each contour represents an additional factor of two.
Figure reproduced from the ROSAT User's Handbook.
raneously studied all of the public domain PSPC pointings, using source detection algorithms to
catalog all the X-ray sources seen in the PSPC, whether or not they were the intended subject of
the observation.
The White, Giommi, and Angelini (WGA) catalog [182] was first released in 1994 November
then revised in 1995 March. The WGA catalog contains 3007 PSPC pointings (from 1991 February
through 1994 March), 71260 detections, and about 62,000 independent sources as found by the
detection algorithm in the XIMAGE image processing package [51]. This algorithm was proven
successful during the EXOSAT mission. The authors took care to process the inner and outer
regions of the PSPC field of view separately, taking into account the variation of the point spread
function with off-axis angle.
The "First ROSAT Source Catalog of Pointed Observations with the PSPC" (ROSSRC or SRC)
was announced by the ROSAT consortium in late 1994 October [188]. This catalog is based upon
the standard processing algorithm applied to all ROSAT observations. The catalog contains 50,188
detections among 2876 PSPC pointings made prior to 1993 May and in the public domain. All
sources have been screened such that the likelihood of any given detection being spurious is 1%.
The WGA and SRC authors have each done a cross analysis between the catalogs, the results
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of which are available via the World Wide Web', which I summarize here. The SRC search is twice
as effective as the WGA method in locating sources in the inner PSPC ring. However, the WGA
method is twice as effective over SRC at finding sources in the outer regions. The result is that
although these catalogs contain similar numbers of detections, there is less overlap between them
than one might think. In addition, the creators of the SRC did not vary the shape of the point
spread function as the detection cell was moved further off axis. This results in uncertainties in the
count rates of sources found in the outer ring, and makes WGA more capable of detecting weak
sources in this region. The first edition of the WGA catalog was found to have systematic offsets in
positions on the order of 10" when compared to fiducial locations. In addition, the WGA originally
had an overlap region between its inner and outer zones, resulting in some overcounting. Both of
these effects were corrected in the revised edition.
2.3 X-Ray Sample Definitions
The pointed catalogs and the RASS complement each other nicely. The pointed catalogs have the
advantage that they have an exposure about 25 times longer than in the RASS, and are thereby able
to detect sources 5 times fainter (assuming the detection threshold is dominated by the background
level). However, only about 10% of the sky is observed (as opposed to the complete coverage in the
RASS). In all, the pointed catalog data sets provide us with a new opportunity to identify and study
SXS, and hopefully NBWD, that were too faint or X-ray quiet during the RASS.
As discussed in Chapter 1 all types of SXS (extragalactic, galactic, and luminous) are interesting;
however, any NBWD discovery would be particularly important. Such discoveries would provide a
significant addition to the known sample. Currently, there are only two known galactic NBWD,
and about a dozen located in the Magellenic Clouds [53]. The parent sample provides an excellent
opportunity to find more NBWD. It contains objects more than 5 times fainter than the RASS and
has not been explored for SXS in a systematic way.
2.3.1 Selecting Supersoft Sources
We utilize both the SRC and the revised WGA catalogs as the parent sample of X-ray sources in
our study. These catalogs not only define source positions, error radii (typically 20"), and count
rates, but also two spectral "hardness ratios" - a way to express the spectral shape of each source
1At the time of writing, the White et al. study is
found at http://lheawww.gsfc.nasa.gov/users/white/wgacat/rosatsrc.html and the work of Haberl et al. can
be located at the URL http://rosat-svc. mpe-garching.mpg. de/rosat-svc/archive/sourcecat/wga.rosatsrc .html
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detected. X-ray counts are binned into three bands2:
A = Channels 11 - 39 z 0.1 - 0.45 keV
B = Channels 40 - 85 z 0.45 - 0.9 keV
C = Channels 86 - 200 z 0.9 - 2.0 keV ,
and (after correction for background flux and off-axis effects) two hardness ratios are formed:
C+B-A C-B
HR1= C+B A and HR 2 = C-B (2.1)C+B+A C+B
HR1 and HR2 take on values between -1 and +1, where more negative values indicate soft X-ray
emission. Examination of the hardness ratios of known LSXS [63] shows that 90% of the sources
are found with HR1 < -0.5. In addition, a plot of all the detections in the SRC and WGA catalogs
in the HR1/count rate plane (Figure 2-6) demonstrates that this same cut in HR1 eliminates the
majority of source detections in both catalogs. For this reason, we include any object which was
detected in the parent sample with HR1 < -0.5 or, equivalently, with 75% of the PSPC counts
detected in band A, as a supersoft X-ray source (SXS). As will be discussed in Section 2.3.2.2, this
HR1 criterion is not the only way to select SXS.
The after selecting all the SXS detections based on the HR1 < -0.5 criterion, the catalogs were
searched for multiple entries within 1.5' of each other. These were assumed to be repeat observations
of the same source. Multiple detections from within the same catalog were averaged into one entry,
with appropriate adjustments made to the count rates, hardness ratios, exposure time, and error
bars. In cases where the same source was detected in both catalogs, this fact was noted but no
attempt was made to combine the data for fear of introducing systematic errors. After reducing our
"detections" catalog into one based on X-ray "sources" we are left with 4084 SXS. Tables 2.1 and
2.2 detail the statistics of the selected on the basis of HR1."
2.3.2 Creation of Subsamples
Unfortunately it is not feasible to observe all 4084 sources with a large optical telescope in a rea-
sonable amount of time. This motivated us to form of a number of subsamples from the SXS,
which come in basic two flavors. The flux limited sample attempts to examine SXS as a class, with
2 Because I am binning counts, I use the instrumental spectral channels in which the count was measured to define
the A, B, and C bands. As indicated these bands roughly correspond to energy ranges shown; however, the effects of
finite energy resolution forbid a strict definition based on energy (e.g., a 0.9 keV photon which is most likely to be
detected in channel 95 could end up in channel 20). This having been said, I will often refer to the A, B, and C bands
in terms of their representative energies.
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Figure 2-6: Hardness Ratio, HR1, vs. ROSAT count rate for all detections in the pointed catalogs.
The supersoft X-ray sources lie below the dashed line, HR1 < -0.5.
Catalog Total Detections SXS Detections SXS Sources
SRC 50188 1669 1386 (400 match WGA)
WGA 71260 3448 3098 (400 match SRC)
Total Sources 4084
Table 2.1: A statistical
criterion HR1 < -0.5.
profile of ROSAT SXS from the WGA and SRC surveys selected on the
Cross Correlation WGA SRC
SXS in both catalogs 400 400
SXS with non-SXS in other 325 389
SXS not detected in other 2373 597
Total Sources 3098 1386
Table 2.2: Cross correlations of SXS from the WGA and SRC surveys selected on the criterion HR1
< -0.5.
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Sample Number Goal of Motivation for
Name of Targets Sample Sample
Flux Limited 176 ID All Quantification of SXS
NBWD Track 383 New NBWD Theoretical simulations
Extremely Soft 343 New NBWD Eliminate contamination; NBWD Soft
Optically Bright 690 New NBWD Galactic NBWD likely bright
Table 2.3: An overview of the subsamples presented in priority order.
the requirement that most of the sources should be able to be identified with optical counterparts
and classified accordingly. The remaining three samples (track, extreme, and optically bright) are
attempts to isolate new NBWD systems for the reasons outlined in Chapter 1. It is possible for a
given SXS to belong to more than one subsample. An executive summary of the four subsamples is
found in Table 2.3 and each is discussed below.
2.3.2.1 Flux Limited Sample
In order to make a sound statistical assessment about the type of objects that constitute "supersoft
sources," one needs to investigate an X-ray flux limited sample. Due to questions raised regarding
the X-ray count rate as given in the SRC catalog we restrict ourselves to sources found in the WGA
catalog.
Unfortunately, X-ray flux is not directly observable, so the flux limited sample is defined in
terms of the ROSAT PSPC count rate (CR). The CR is approximately proportional to the detected
flux, but it depends on the source spectrum and detector response. However, with judicious choices
during the sample definition, these systematic effects can be minimized.
As mentioned above, we have already started defining the sample by restricting ourselves to the
WGA catalog, thereby largely avoiding systematic errors in the source count rate.
In an attempt to restrict the variation in the mapping of intrinsic source flux to measured count
rate, we place strict limits on the column density of interstellar gas (NH) to the object. Such
interstellar material preferentially absorbs soft X-rays through the photoionization process [108].
Two sources with the same intrinsic spectral shape and observed count rates, but with different
values of NH, will have very different intrinsic fluxes. A. Stark et al. [154] have mapped the sky
north of declination -400 using the 21cm transition of atomic hydrogen. The angular resolution of
their survey is - 2 which is similar to the ROSAT PSPC field of view. We use the maps of Stark
et al. to estimate the column density to all SXS, and select sources with values between 7x1019
and 2x 1020. Implicitly, we have rejected sources with declinations below -400 which could not be
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Figure 2-7: Log(dN/dF)-Log(F) plot for
1.5 the flux limited sample. A -5/2 power-law
is shown for reference (solid line). A very
go conservative completeness limit of 0.014
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associated with values of NH. Note, that this method does not include the effects of absorption by
material local to the SXS.
Since the PSPC's point spread function degrades as targets move off axis, thereby lowering the
sensitivity of the WGA catalog to point sources, we require that sources be within 40' of the center
of the field of view. On the other hand, no PSPC pointing direction is truly random - a guest
observer thought enough of the location to propose, and then win, observation time. Therefore,
sources within 5' of the field center are eliminated as they are very likely not to be serendipitous,
biasing the sample towards the interests of proposal winners. We also require an exposure time of
> 8000 to guarantee a reasonable number of counts in the spectrum.
To be meaningful the sample must be complete; that is it must include all of the sources which
meet the criteria for sample inclusion down to some flux (or in this case count rate) level. Assuming a
uniform density of objects in Euclidean space, one expects that out to some distance, d, the number
of observed sources, N is proportional to d3 . If each source had the same intrinsic luminosity, then
the observed flux should be F oc d- 2 . Combining these results we find N c F - 3 / 2 or
dN oc F-5/2dF. (2.2)
Therefore a plot of log(dN/dF) vs. log(CR) should be linear with a -5/2 slope while the sample
is still complete, progressively falling away from this relationship as sources cease to be detected.
Figure 2-7 shows that the sample is complete to count rates < 0.010 counts s-1; however, to create
a more manageable number of sources as well as to ensure completeness, we choose a flux limit of
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0.014 counts s - 1
Because the observations of this sample were to be performed primarily on the MDM 2 .4m
telescope and time in the southern hemisphere is difficult to acquire, we limit ourselves to sources
located at declinations (6) above -250.
In summary, sources in the flux limited sample meet the following criteria:
1. extracted from the WGA catalog,
2. located at 6 > -250
3. have an exposure time > 8000 seconds,
4. detected between 5' and 40' off-axis,
5. have an interstellar column density between 7x 1019 and 2x 1020, and
6. brighter than (or equal to) 0.014 PSPC counts sec - 1
We find 176 such sources which are predominately distributed between 9 and 16 hours of right
ascension and at declinations above 20 degrees. Of these sources, 51% are also associated with
detections in the SRC catalog, which is much better agreement than the 13% one finds for all WGA
SXS sources (Table 2.2).
While we showed above that this sample is complete, I make a quick comment on the spatial
distribution of the sources. As described above in the brief derivation of equation 2.2, if the sources
are distributed uniformly in an Euclidean space, then one expects the number of sources observed
to be proportional to the volume of space (V) enclosed, which in turn is proportional to the flux to
the -3/2 power. Alternatively, one could write:
Vx = Y ' (2.3)Vmax Fim
where Vma is the maximum volume this particular source could enclose and still be observable at
the limiting flux Fuim (= 0.014 counts s-1 in this subsample). Consider a radius R1/2 defined such
that Vma, is divided into two equal volumes. Then, again assuming uniform number density, one
would expect that over a large ensemble of objects, half of the systems should be located closer than
RI/2 and half further. In short, one would expect:
= 0.5, (2.4)
"Vma Ni=l '
CHAPTER 2. THE X-RAY SELECTED SAMPLE OF SUPERSOFT X-RAY SOURCES 49
100
os ;o , , * , o
50- -
-200 -100 0 100 200
way to calculate this area is to use the Stark et al. survey to create a map of column densities andsuperimpose upon it a map of eligible WGA pointings. The intersection of these maps provides the
-, °
area sought. This accounts for fields which meet all the criteria to be included in the sample but dooo
-0 0 . . . .. I 60 I
-200 -100 0 100 200
RA columncos(Dec) (degrees)
Figure 2-8: Eligible pointings (small circles) overlayed on the allowed regions of column density
(large contours). Filled circles are areas included in the flux limited sample.
where the sum is taken over all members of the ensemble. For the flux limited sample I find
(V/V,,5' region)= 0.598 valid 0.017. use the result of Avni & achall [6] who compute the formal lusion error
bar for this distribution as (12N) - 1/ 2 . This value of (V/V,,,) is inconsistent with the Euclidean
hypothesis. In retrospect, the discovery of a significant number of quasars with redshifts greater
than 0.5 in the flux limited sample makes this result understandable. I will return to this issue when
I discuss supersoft AGN in Chapter 6.
The number of square degrees represented in the flux limited sample is an important quantity for
ultimately computing the total number of systems in the sky based on our observations. A proper
way to calculate this area is to use the Stark et al. survey to create a map of column densities and
superimpose upon it a map of eligible WGA pointings. The intersection of these maps provides the
area sought. This accounts for fields which meet all the criteria to be included in the sample but do
not contain a source, intersecting fields, and fields that lie only partially within an allowed region of
column density.
The mapping is done using pixels that are 10' on a side. For simplicity, I included the central
5' region as valid. With pixels this large, the central region is unresolved and its inclusion only
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introduces a 1.5% error into the result. 9486 pixels survive all tests (Figure 2-8) corresponding to
an area of 263.5 square degrees.
2.3.2.2 Track Sample
We attempted to find galactic NBWDs among the more than 70,000 detections in the WGA catalog
by generating a simulated catalog from a population of only NBWD distributed throughout the Milky
Way. Using a simple exponential disk model for the density of the neutral gas with an additional
bulge component, the column density to any point in the simulated galaxy can be analytically
determined. The NBWD are randomly placed in a disk population with a space density that
decays exponentially with height above the midplane but which is uniform parallel to the disk. The
scale heights for the NBWDs and gas are taken to have the ratio (ZNBWD /Zgas = 0.5) (following
Di Stefano & Rappaport [34]), and their X-ray spectra (taken to be simple blackbodies) are selected
from a luminosity-temperature distribution determined by Rappaport et al. [129]. The probability
of choosing any given (L,T) pair was weighted by the expected lifetime of that system.
The intrinsic spectrum from each NBWD is modified by interstellar absorption [108], then "ob-
served" by folding the incident spectrum through the ROSAT PSPC response matrix for on-axis
observations.
In order to be consistent with the actual catalogs, after including the effects of background and
Poisson noise, we demand a signal-to-noise ratio > 5.0 to be secure in a "detection." Only the
count rate and the number of counts in the A, B, and C bands are accumulated. The goal is to find
relations among quantities tabulated in the WGA survey which constrain the parameter space that
is likely to contain a Galactic NBWD.
The results of the Monte Carlo simulation are shown in Figure 2-9. The "detected" systems
form a well-defined locus in the HR1-HR2 plane, a track that traces the known NBWD systems (the
larger dots in Figure 2-9) extremely well, predicting both the location of the two systems with HR1
> 0 and the scatter in HR2 of systems with low count rates.
In order to maximize the utility of a sample, one wants to do two things: include as many of
the desired targets (NBWD) and omit as many of the other types of systems as possible. The
well-defined "NBWD track" indicates that the former is very possible. Figure 2-10 demonstrates
the latter is equally feasible. All of the detections in the WGA catalog are plotted on the HR1-HR2
plane along with a parameterization of the NBWD track of Figure 2-9. Simple inspection shows
that the bulk of the detections fall in the center of the plot, away from the track.
On the basis of these two figures we have defined a new sample consisting of all the sources such
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Figure 2-9: Distribution of simulated galactic NBWD in the HR1-HR2 plane. 5000 "detections" from
46,464 seeded-systems are plotted. The NBWD track sample (the area below the trace) contains
96% of these sources, while the HR1 < -0.5 criterion would contain only 34%. Both criteria taken
in union contain 99%. Filled dots represent actual systems.
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Figure 2-10: Comparison of all detections in the WGA catalog (points) with the NBWD track sample
(area beneath the kinked line) and a fit to the NBWD track itself (smoothly curved line). Note the
track sample has minimal contamination from the bulk of the WGA sources, while containing most
of the simulated NBWD (Figure 2-10).
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that:
HR2 < max[-0.8347, -1.8347 + 2 x HR1], (2.5)
indicated by the kinked line in Figures 2-9 and 2-10. This sample contains 96% of the simulated
NBWD created during the Monte Carlo study. By comparison, the original "single color" threshold
selection contained only 34% of these systems, down by a factor of 2.8 from the track method. When
one considers both systems in union, 99% of the simulated sources are included.
Applying the track sample criterion alone to the WGA catalog I find 383 sources, 318 of which
are not selected under the criterion HR1 < -0.5, bringing the total number of sources under consid-
eration to 4402. Literature searches are able to identify 94 of these 383 SXS. Of these identifications,
14 are known luminous SXS (8 NBWD and 6 symbiotic stars).
Note that due to the timing of observing runs, this sample was not formulated until 1996 March,
over a full year after the start of the observing program.
2.3.2.3 Extremely Soft Sample
Classification as a SXS requires HR1 < -0.5; however, examination of Figures 2-6 and 2-10 show
that there are significant numbers of sources from the main population of ROSAT sources that fall
below this HR1 limit. Since the ROSAT PSPC spectra of NBWD are frequently modeled as -30
eV blackbodies, a large number of them should appear with extremely soft hardness ratios. We
therefore define a more restrictive subsample (the Extremely Soft Sample), requiring HR1 < -0.8
or 90% of the counts detected in band A. This sample contains 343 sources. Because the ROSAT
satellite is one of the few instruments that probes these very soft sources; our optical identification
study of them presents a unique opportunity to classify these objects.
2.3.2.4 Optically Bright Sample
We take spectra of all stars with V magnitudes ,14.5 that are within 1.3 error radii of the X-ray
position (at 1.3 error radii the optical counterpart will be enclosed with a probability of 96%). This
approach is designed to discover Galactic NBWD. Since the X-ray spectra of NBWD are so soft,
interstellar absorption will limit the range of detectability to about a kiloparsec; except at high
galactic latitudes. Since the central source in NBWD is very luminous, yet nearby because an X-ray
source was observed in the WGA and/or SRC catalogs despite interstellar absorption, we expect
the optical counterpart to be very bright. In fact RX J0019.8+2156, the only known, unobscured
NBWD in the Milky Way, has a luminosity of only 1036.5 erg s- 1 (d - 2 kpc) but is observed with
V - 12.2 [11]. We note that the V - 14.5 limit will allow us to systematically probe 10 times fainter
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than RX J0019.8+2156, while a definitive spectrum can be obtained with a modest sized telescope
in a few minutes.
The optical positions and magnitudes for these objects are obtained from the Space Telescope
Guide Star Catalog (ST-GSC) [139, 91]. Although the ST-GSC is generally complete down to 14.5
magnitudes, this limit can be significantly worse for dense fields [71]. Similarly, exceedingly bright
stars are skipped in the ST-GSC. In these cases, we will attempt to include neglected stars by direct
inspection of the finding charts.
Comparing the SXS sample with the ST-GSC (after correction for proper motion), we find 690
stars with V < 14.5 and R/R.er < 1.3 distributed among 624 SXS. These 690 stars constitute the
optically bright sample.
Chapter 3
The Optical Survey
I present the preparation, investigation, and data reduction phases of the campaign
to optically identify the ROSAT SXS described in Chapter 2. Most of the results of the
optical observations are discussed in this chapter; however, detailed studies of the NBWD
and SXS active galactic nuclei are the subjects of later chapters.
3.1 Sample Preparation
3.1.1 Literature Identifications
While most of the sources in the SXS samples have never been previously detected in X-rays, some
of their optical counterparts have already been studied or have been cataloged in general surveys of
various classes of astrophysical objects. I searched an on-line collection of 55 catalogs (put together
during the HEAO-1 program at the M.I.T. Center for Space Research) for optical counterparts
within 1.5' of the nominal X-ray positions. All positions were also checked in the astronomical
databases SIMBAD' [37] and NED2 [66]. A positional coincidence is sufficient to claim an optical
identification if the cataloged object is classified as a member of a confirmed SXS class and the
implied X-ray to optical flux ratio is plausible for that class. For example, a cataloged white dwarf,
cataclysmic variable, or active galaxy falling within 1.3 times the error radius would be sufficiently
rare that such an object is almost certainly related to the SXS. For example, among quasars, there
is r 0.052% chance that any given error circle down to a limiting magnitude of -18.5 would contain
'The Set of Identifications, Measurements, and Bibliography for Astronomical Data (SIMBAD) is operated by the
CDS, Strasbourg France.
2 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Insti-
tute of Technology, under contract with the National Aeronautics and Space Administration.
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a quasar by random occurrence as estimated from the APM1 [42] and APM2 [41] surveys. In other
cases, more detailed considerations of brightness and space densities must be applied.
We pay careful attention to positional correlations with stars in the SAO catalog. Empirically we
find it very likely that a bright SAO star may be associated with the SXS due to a active corona or
an unobservable white dwarf in orbit with the star. However, one also expects chance associations
with SAO stars above some magnitude limit.
To estimate that limit, one must calculate the probability of an accidental coincidence of an SAO
star with any one of the error circles. I begin by calculating an expression for the density of SAO
stars on the celestial sphere. Using the my values from the SAO catalog and assuming the catalog is
complete to 7.5 magnitudes (see Figure 3-1), I make a linear fit for the relation between magnitude
and log(N(< my)):
N(< my) = 1 0 (0.5236mv + 0.7524)
Dividing by the total angular area of the sky (1.48x 10 sq. arcmin), one can calculate the average
density:
n(< my) = (6.73x10-9)10 (0. 5236mv+0. 7524 ) arcmin - 2. (3.1)
The expected number of stars brighter than apparent magnitude my, within a some radius, Re, of
a given position is:
NE (< mv, Rc) = (2.12x10-)10(0.523 6mv+o0. 7524) ( R 2 (3.2)
NE( myR~) = 1 arcmin) (3.2)
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NE my Error
0.100 11.9 441
0.010 10.0 44
0.001 8.1 4
Table 3.1: Magnitude limits as a function of the number expected stars for a given pointing, NE.
The probable number of identification errors is given in the last column.
For a pointing with a bright star some distance from the nominal X-ray position, this prescrip-
tion is sufficient to determine if the coincidence can be attributed to random chance. One solves
equation 3.2, using the appropriate values for my and Re, to determine the number of stars one
would expect. I consider this analysis for an average error circle as determined from all SXS sources,
(R,). By setting equation 3.2 to a small expectation value, NE - 0.1, one can easily solve for the
limiting apparent magnitude. Given that the average error radius is 0.70 arcminutes, I find
mV = 0.5236 [log 04 0 -NE 0.7524 . (3.3)0.5236 1. 4x10-
The results of equation 3.3 evaluated for three different values of NE are shown in Table 3.1. I adopt
a limiting magnitude of 10.0 which corresponds to a contamination rate of 1% or roughly 44 sources.
At this level, less than 10% of the stars in the optically bright subsample will be affected. In fact,
this is a conservative estimate. Most of the SAO stars are located in the Galactic plane, while most
of the SXS fields are at higher galactic latitudes. At higher latitudes, the space density of bright
stars is significantly lower than one computes when averaging over the entire celestial sphere.
The literature search resulted in 547 identifications, 45% with bright stars (as described above),
23% with active galactic nuclei, and 18% with isolated white dwarfs. I will discuss these results (as
well as the 14% of the literature identifications in other categories) in Section 3.3. However, over
3800 sources remain for study at the telescope.
3.1.2 Candidate Selection
I automated the procedure for making finding charts for all 4402 SXS using image extractions from
the Digital Sky Survey (DSS), all the relevant data in the parent catalogs, and literature searches.
Additional FITS header keywords were inserted into the image files, which were in turn passed to
an IDL script. This script creates a finding chart centered on the nominal X-ray position, draws the
error circle, and lists useful information on the side of the page. This method allowed the creation
of all of the finding charts in three days. Relying on the standard method of finding positions on
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Palomar Sky Survey plates then taking Polaroid photos of the location would take over 400 hours
and $4000 to produce an equivalent task, even at optimum efficiency.
However, the DSS is not perfect. The most obvious problem is that the sky is covered only in one
color filter - the north in POSS-E (red) and the south in ESO-J (blue). The complementary color
(available in prints, but not digitally) is very important when prioritizing candidates for observation
since many classes of SXS counterparts (e.g., AGN, WD, CV) are bluer than random, faint stars.
Polaroid snapshots from the survey plates of fields in the second color were taken in cases where
the target was in a subsample and multiple stars populated the error circle. Based on the two-color
comparisons, the stars within (or barely outside) the X-ray error circle were prioritized according to
likelihood of being the actual counterpart.
3.2 Observations
3.2.1 Instrumentation
The Michigan-Dartmouth-M.I.T. (MDM) consortium operates two moderate size (1.3 and 2.4 meter)
telescopes on the Southwest ridge of Kitt Peak. This facility, and our institutional access to it,
enabled me and my collaborators to propose a long-term, intensive optical identification campaign
for supersoft X-ray sources from the ROSAT pointed catalogs. Candidate optical counterparts are
observed with the Mark III spectrograph. The optical spectrum of the candidate reveals its physical
nature and the likelihood that it is the counterpart to the X-ray source.
The vast majority of the observations were conducted on the MDM 1 .3m telescope by myself
and/or Ron Remillard3 . Photons entering the Mark III pass through a slit plate at the focal plane
of the telescope, a collimator lens, a blazed grism (the dispersive element in the system), then
through a re-imaging lens before detection by a CCD at the spectrometer's focal plane. A CCD
(or charge coupled device) is an array of silicon elements in which incident photons excite electrons
into the material's conduction band. The individual CCD pixels are electrically isolated so that the
chip essentially behaves as a two-dimensional array of very small detectors that record the number
of photons incident on a given pixel during an exposure. At the end of the exposure, a series of
voltages are applied to the chip to transfer the collected charge to a readout point in such a way
that the charge from each pixel remains identifiable with that pixel.
MDM has four CCDs available for use with the Mark III, each named after a character from
"Charlotte's Web." A summary of the characteristics of the two CCDs we utilized in our study is
3Uses of first person, plural pronouns in this chapter refer to Ron and me. We had a number of co-observers during
our runs including Eugene Chang, Wei Cui, Mike Eracleous, and Jules Halpern.
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CCD Array Pixel Est. Gain Noise Notes on
Name Size Size (pm) (e- /ADU) (e-) Performance
Charlotte 1024 x 1024 24 3.16 5.45 Best blue response;
Backside illuminated
Wilbur 2048 x 2048 15 2.25 4.73 Smallest pixel size
Table 3.2: CCD detectors available for use at MDM with the Mark III spectrometer.
given in Table 3.2. These instruments are not very efficient at wavelengths below 4400A; however,
it is possible to observe bright stars with the Charlotte CCD as blueward as 3800A. The spectral
resolution (FWHM) of each configuration is -5A and -11A. for systems with 600 and 300 £/mm
grisms, respectively, as determined from examination of narrow emission lines in active stars. De-
tailed discussions of optical design, data acquisition, and control systems are available in the MDM
User Manual and sources therein.
3.2.2 Strategy
After some real-time experimentation at the telescope, the observing strategy evolved into a two-
pronged attack.
For the subsamples in which the primary goal is to find new NBWD (track, soft, and optically
bright) a "quick look" approach was used. Because NBWD are marked by a blue continuum with
very strong He II emission, objects in this class are easy to identify. And because they are expected
to be optically bright, we need only take brief spectra ("snapshots") of optical candidates down to
15th or 16th magnitude). On this basis, the instrumental set-up is designed such that Hy, HeII
4686A, and HP3 all fall on the detector. Charlotte, the CCD with the best blue response, was our
detector of choice for these observations; unfortunately, it was rarely available for this program. In
these cases, we used the next best available CCD, Wilbur, which provides adequate response at a
blue limit of -4300A. Wilbur does offer a "consolation prize," enabling Hy to fit comfortably on the
chip along with Ha and many other He II lines, while using a 600e/mm grism which affords good
spectral resolution.
For the flux limited sample, in which we need to identify all 176 sources, the goal is different; we
must continue to pursue optical candidates until an identification is made. Because the majority of
the prime candidates are fainter than 17th magnitude, most of the 2 .4 m time must be reserved for
identifications in this sample. Early results had indicated that the majority are SXS AGN, which
are easily identified by broad, redshifted emission lines and a flat or rising continuum towards short
wavelengths. In order to accommodate as much bandpass as possible for detecting the redshifted
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Date Telescope CCD Grism4  Slit Bandpass Dispersion
of Run Used Name (arcsec) (A) (A/pixel)
12/94 MDM 1.3m  Charlotte 600/4600 3.12 3800-6200 2.40
05/95 MDM 1.3m  Charlotte 300/5400 3.12 3600-7725 5.25
06/95a MDM 1.3m  Wilbur 600/4600 3.12 4000-7100 1.52
06/95b MDM 1.3m  Wilbur 600/4600 3.12 4100-7200 1.53
10/95 MDM 1.3m  Wilbur 600/5800 3.12 4600-7575 1.46
11/95 MDM 2.4m  Charlotte 600/4600 2.36 3885-6300 2.38
12/95a MDM 1.3m  Wilbur 600/5800 3.12 4500-7425 1.44
12/95b MDM 1.3m  Wilbur 600/4600 3.12 4025-7110 1.52
12/95c MDM 1.3m  Wilbur 600/5800 3.12 4280-7125 1.40
01/96 MDM 1.3m  Wilbur 600/5800 3.12 4280-7140 1.40
05/96a CTIO 1.5m Loral 1K Grating9 3.00 3800-7225 2.89
05/96b MDM 1.3m  Wilbur 600/4600 3.12 4520-7485 1.50
06/96a MDM 2.4m Charlotte 600/4600 1.17 3800-7215 2.36
06/96b MDM 2.4m Charlotte 300/5400 1.68 3800-9300 5.41
12/96 MDM 1.3m  Wilbur 600/5800 3.12 4285-7150 1.40
01/97 MDM 2.4 m  Charlotte 300/5400 1.68 3850-9230 5.29
02/97 MDM 1.3m  Wilbur 600/4600 3.12 4460-7400 1.50
04/97a MDM 2.4 m  Charlotte 300/5400 1.68 3575-8985 5.30
04/97b MDM 2.4m Charlotte 600/4600 1.68 4000-6445 2.40
Table 3.3: Instrumentation for Becker/Remillard observing runs. Occasionally one run will use more
than one set-up.
lines one prefers a low dispersion setup. A detector with increased sensitivity, especially at the blue,
is also desired. When observing optically faint candidates, five to seven 600 second exposures are
taken to improve the signal-to-noise of the observation and provide a robust method for removing
the signatures of cosmic rays.
Table 3.3 lists the instrumentation utilized for observing runs in this program.
3.2.3 Data Acquisition and Reduction
In a little more than two years Ron and I undertook 14 observing runs and measured spectra for
1348 SXS candidates. The details of each run are located in Tables 3.3 and 3.4. Both runs in May
1996 and the February 1997 run are somewhat unusual. The first May run was on the CTIO 1 .5 m,
the only chance to work in the Southern hemisphere during the program. The other two runs were
very long (-40 day) monitoring campaigns on sources to be observed with the Rossi X-Ray Timing
Explorer (P.I. Ron Remillard). Ron kindly included some of my objects between RXTE targets on
these days.
4 For the MDM grisms, the first quantity is the number of lines per millimeter. The second is the blaze wavelength.
Nights
Used/Sched
3.5/5
3.0/5
1.0/1
6.5/7
6.0/6
1.0/5
2.0/2
4.0/4
6.5/10
8.5/9
4.5/5
1.0/1
4.0/6
2.5/7
0.5/3
3.0/6
0.5/1
First Light
(JD-2440000)
9696.560
9841.601
9874.680
9875.624
9991.566
10025.585
10050.549
10052.551
10056.540
10086.570
10218.452
10235.652
10236.638
10448.600
10464.647
10554.599
10560.623
Program
Spectra
79
77
16
128
204
5
45
81
158
156
156
29
30
82
71
11
91
48
3
Table 3.4: Observation dates for Becker/Remillard observing runs. Note that the RXTE observing
runs at MDM (05/96 and 02/07) were very long campaigns and the SXS observations were a very
small part of the program. As such, I have not included entries in the table for these runs.
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Date
of Run
12/94
05/95
06/95a
06/95b
10/95
11/95
12/95a
12/95b
12/95c
01/96
05/96
05/96
06/96a
06/96b
12/96
01/97
02/97
04/97a
04/97b
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The raw CCD images are reduced into their final spectral form via a number of IRAF5 [159, 160]
tasks. Here I outline the procedure and briefly explain the rationale behind each step. For the
following discussions, I will define the dispersion to be in the vertical direction and the spatial
position to be in the horizontal direction. Thus I will speak of "dispersion rows" and "spatial
columns."
The raw two-dimensional spectra are reduced into their linearized two dimensional form with the
the CCDRED package. To begin, the overscan region of the image (a strip at the edge of the CCD
which is not exposed when the shutter is opened) is averaged, and the result is subtracted from each
pixel. The overscan region is then trimmed away.
Next, multiple CCD frames are taken with zero exposure time. Each image is processed for its
overscan region, and they are then averaged into a "zero image," to test for gradients in the bias level
applied to the CCD image before the shutter was opened. The resulting zero image is subtracted
from each raw spectral image after its overscan processing.
Finally, a "response image" is needed because the CCD is not uniform in its ability to detect
photons, either spatially or as a function of wavelength. A flat field image is made from a series of
exposures to a continuum light source which fills the spectrograph slit producing a smooth spectrum
along each spatial column. The two-dimensional image is reduced to a one-dimensional spectrum
by averaging all the values in the spatial columns for a given dispersion row. This spectrum is fit
to a high order cubic spline to yield a smooth function, and the value of this function at a given
wavelength is then used to renormalize the pixels in the same row. The completion of this process for
all row yields a two-dimensional image, the "response image," which is a grid of pixel efficiency values
near unity. The two-dimensional SXS candidate observations, after processing through overscan and
zero subtraction as above, are divided by the response image to correct for pixel-to-pixel variations
in the CCD detector.
Extraction of the one-dimensional spectra from their two-dimensional, linearized counterparts
is done with the APEXTRACT package. A spatial cross section of the 2-D spectrum at a given
dispersion row is displayed. Stars present themselves as Gaussian profiles on a relatively flat back-
ground. The user selects a small region around this profile as "the aperture." All photons lying in
this aperture will be summed into the final spectrum. At the same time, the user selects a spatial
region on both sides of the star which is free of other stars. This "background region" is defined
in units relative to the position of the Gaussian peak. The goal of this exercise is to accurately
5 IRAF is an acronym for "Image Reduction and Analysis Facility," one of the leading systems for the study of
astronomical data. IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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integrate the starlight above the background at each dispersion row.
Because the peak location of the star's profile may change as a function of wavelength, the
aperture is "traced" along the chip, using cross section windows, e.g. with a width of 50 rows. The
user typically interpolates these data into a smooth "trace function" by fitting a low order Legendre
polynomial through the centroid positions derived in each window. The extraction program then
determines how many counts lie in the aperture, while adjusting the aperture center by the trace
function. For each dispersion row, the data in the background region are fit to a Legendre polynomial
(we use one with four coefficients), and the background values are subtracted from the pixels in the
aperture spectra, leaving only the net counts from the star. The product, the number of source
counts as a function of dispersion row, can be generated relatively rapidly, in about 90 seconds.
This speed and the similarities between the intermediate and final products allow the observer to
make a real time classification of the source and help to optimize the program.
During a typical night of observations, a series of calibration lamp spectra are also measured and
then analyzed as above, except that no background subtraction is performed. These data contain
a very large number of narrow emission lines which have well determined wavelengths and provide
a mechanism for dispersion calibration. By pairing row numbers with wavelengths, then fitting for
this relationship (with the IDENTIFY task), the dispersion row number is calibrated to wavelength
with great accuracy. However, small calibrations shifts may arise owing in large part to flexure
associated with different pointing positions of the telescope. Therefore I assign to each spectrum a
dispersion solution (using REFSPEC) corresponding to a similar telescope position. In cases where
the dispersion solution is very important (e.g., when one would like to determine NBWD radial
velocities or the redshift of an AGN), lamp spectra are taken contemporaneously with the target
observation. The wavelength calibration is applied and each individual spectrum is cast into a
common wavelength scale with DISPCOR. This last step allows for easy manipulation of spectra in
further analyses.
The final reduction step is to flux-calibrate the spectra. A catalog of -25 spectroscopic standard
stars (IRAF's "spec50cal" [101, 102]) is used for this purpose. On clear nights, one makes observa-
tions of two or three standard stars. We select our spectral standards based on two criteria: (i) that
they are relatively close to the zenith (less than 1.2 air masses) at the time of observation and (ii)
their spectrum is relatively smooth and rises towards the blue end. We tend to use the same stan-
dards repeatedly (BD+28 4211, Feige 34, and G191B2B) choosing the appropriate stars depending
on the season. First we correct the one-dimensional spectra for airmass, using the mean KPNO (or
CTIO) extinction curves. Then, by comparing the net source counts per wavelength interval to the
true spectral flux density, one determines the response of the optical system to incident light at each
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Sample Fields in Fields Obs. Spectra Total New
Name Sample or Lit. IDs Taken IDs Systems
Flux Limited 176 137 275 82 60
NBWD Track 383 225 253 120 15
Extremely Soft 343 237 175 180 16
Optically Bright 624 545 664 230 34
Other SXS 3052 327 225 205 24
All Sources 4402 1313 1469 678 131
Table 3.5: Observing statistics by subsample.
measured wavelength (via the SENSFUNC task). This response curve is then used to correct all the
spectra into flux-calibrated results.
3.3 Results and Discussion
3.3.1 Final Status of Subsamples
Table 3.5 summarizes my results for each of the four subsamples in the study, as well as the SXS
sources which are not a part of any subsample. Consider first the three subsamples designed to find
new galactic NBWD (track, soft, and optically bright). In all three cases, well over 50% of the fields
in the sample were either identified with counterparts through literature searches or thoroughly
observed at the telescope. In fact, the NBWD search is even more complete than indicated by the
table. Many of the SXS error circles were completely void of stars brighter than the limit of the
DSS, roughly 20th magnitude. It is very unlikely that these fields contain NBWD, yet they are not
tabulated in Table 3.5.
The predominant obstacle to better coverage in these three samples was the lack of observing
time in the southern hemisphere. The five-night May 1996 CTIO observation run represents our only
opportunity to explore the southern-most third of the sky. The dates of the CTIO run, precluded
observations of southern targets with right ascensions between 1 and 9 hours. Ron Remillard and
I gave highest priority to the NBWD track sample, followed by the extremely soft sample. As a
result, the bright sample was almost completely ignored in the southern hemisphere.
Two issues prevented the flux limited sample (a northern mosaic) from being more complete:
weather and telescope size. Of the two, the weather was the more critical. Although we were
scheduled to have a total of 21 nights on the 2.4m telescope, only 9 were usable (Tables 3.3 and 3.4).
Additionally, much of the usable time was "bright," with the moon more than 50% illuminated.
Because many of my prime candidates are fainter than 17.5 magnitudes, the program's efficiency
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Object Flux NBWD Extremely Optically Other Overall
Classification Limited Track Soft Bright SXS Totals
Isolated WD 3(2) 32(2) 93(5) 33(2) 6(0) 103(6)
CV 5(0) 1(1) 20(4) 5(0) 6(2) 28(6)
NBWD 0(0) 8(0) 4(0) 2(0) 0(0) 8(0)
Symbiotic 0(0) 6(0) 3(0) 2(0) 0(0) 7(0)
Nova 0(0) 2(0) 2(0) 1(0) 1(0) 4(0)
Active Corona 4(2) 23(9) 10(6) 24(18) 14(10) 60(45)
Stars (V < 10) 1(0) 35(0) 35(0) 135(0) 65(0) 244(0)
Wolf-Rayet 0(0) 2(0) 0(0) 0(0) 0(0) 2(0)
AGN 68(55) 5(2) 8(1) 25(13) 110(12) 201(72)
Galaxy 1(1) 1(1) 0(0) 1(1) 0(0) 2(2)
Pulsar 0(0) 0(0) 1(0) 0(0) 0(0) 1(0)
CSPN/PN 0(0) 2(0) 4(0) 2(0) 2(0) 7(0)
SNR 0(0) 3(0) 0(0) 0(0) 0(0) 3(0)
Total IDs
Fields Studied
Total in Sample
82(60)
137
176
120(15)
225
383
180(16)
237
343
230(34)
545
624
204(24)
327
3042
678(131)
1314
4402
Table 3.6: Number of identifications categorized by object classification and subsample. The total
number of identifications and the number of new systems (in parentheses) are given for each cell.
during bright time was necessarily low.
Even if skies were perfect for observing, it would not have been possible to complete the flux-
limited sample on the 2.4m telescope. Approximately 35 prime candidates were fainter than 19th
magnitude, requiring use of a larger telescope. A proposal to use the KPNO 4 m telescope was not
successful.
The 2 .4 m performed very well when we did have dark, cloudless skies - leading to two or three
new identifications each hour. As shown in Table 3.6, the flux limited sample generated 60 new
identifications, 55 of which are new SXS AGN with typical redshifts greater than 0.25. Only the
lack of usable observing time prevented this number from being even larger.
3.3.2 Identifications
Table 3.6 summarizes the identifications by object class. This table is divided into four sections:
systems containing white dwarfs, stellar systems, extragalactic systems, and others. Note that these
division is arbitrary, and some systems could be cast into multiple sections. I discuss the results
below.
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3.3.2.1 Nuclear Burning White Dwarfs
The most notable result of this section is that no new NBWD were found during the survey. This is
not a flaw in the survey design: all 8 of the known NBWD were detected in the program, seven of
these in the NBWD track sample. This result, while disappointing, is an indication of the difficulty
in detecting supersoft X-ray sources through even a moderate column density of interstellar gas. In
this section I will place an upper limit on the the number of NBWD in the Milky Way based on
this null result. Since the track sample was remarkably efficient at locating known nuclear burning
white dwarfs, including all 8 of the known close binary systems, I will focus on this subsample when
computing the limit.
To begin, recall the Monte Carlo study used to generate the NBWD track sample (Chapter 2).
In that work 46,464 NBWD systems had to be simulated in order to create 5000 systems which
were detected at a significance level large enough to be included in the WGA catalog. This is
predominantly the result of the interstellar medium absorbing the soft X-ray photons. So of the
entire set of Galactic NBWD, I can only hope to see about 10.8%.
However, the mosaic of PSPC pointings which makes up the WGA and SRC catalogs does not
cover the entire sky. Using a method similar to that utilized to determine the area included in the
flux limited subsample (section 2.3.2.1), I find that the WGA catalog only covers 1.09x 107 square
arcminutes of the celestial sphere (7.8%) in - 3000 pointings. A similar calculation for the SRC is
not possible from the information given in the catalog; however, the results are likely to be similar
(if not exactly the same) as both catalogs are created from the same set of PSPC pointings. Since
the WGA covers only 7.8% of the sky, the net detection rate for all NBWD in the Galaxy is only
0.84%.
Although the track sample is very efficient at selecting NBWD candidates, it is not perfect. As
I showed in when defining the track subsample, 96% of my simulated NBWD were included by the
selection. Applying this to the total, 0.81% of all Galactic NBWD are likely to be in the track
sample.
Finally, while I did a very good job at optically scouring the track sample in my search for
NBWD, again it is not perfect. It is possible that NBWD escaped my hunt. Quantifying this
probability comes in two parts: (1) estimating what fraction of Galactic NBWD should be optically
brighter than a given apparent magnitude and (2) determining what percentage of the track sample
brighter than this magnitude was actually included in the optical spectroscopy program.
It is the first half of this process that introduces the most uncertainty in calculating the final
upper limit for NBWD systems in the Milky Way. Typically I have been simulating the X-ray
spectra NBWD with blackbodies. As discussed earlier, the actual X-ray spectrum is different from a
CHAPTER 3. THE OPTICAL SURVEY
0+
+ Figure 3-2: The distribution of apparent
+ magnitudes for Galactic NBWD assuming
0+ a F/,IFv ratio of 100. An additional mag-
] +nitude was added to the resultant my to
produce a conservative estimate.
0-
+ 
++
0 5 10 15 20 25
m
v (magnitudes)
blackbody in that the effects of the white dwarf atmosphere modify the emergent spectrum. In fact
both models (in conjunction with an interstellar absorption component) fit the ROSAT PSPC data
adequately but the bulk of the emission for both models lies below the sensitivity range of ROSAT.
Since only the high-energy tail of the emission is seen, the effort to determine the unabsorbed flux
from these fits give drastically different results depending on whether the blackbody or white dwarf
atmosphere model is applied [168]. Unfortunately, the atmosphere models are not publicly available
so I am forced to rely on the blackbody calculation in making my predictions. I attempted to limit
the impact of this effect by basing my calculation on RX J0019.8+2156 which has a very small
absorption component and is located in the Milky Way (where I am looking for new NBWD). The
unabsorbed flux ratio, F(0.1- 2.0 keV)/F(5000 - 6000A), is 75, where I have calculated the results
using the original fits of Beuermann et al. [11] to a blackbody model. In case RX J0019.8+2156 is an
unusually bright system at optical wavelengths, I rounded the flux ratio to 100 and then arbitrarily
added on an extra magnitude to create a conservative estimate for the unabsorbed optical flux that
would be predicted given the unabsorbed X-ray flux in any given NBWD. The flux ratio was then
inserted into the Monte Carlo code which generated the track sample, generating an optical flux
based on the unabsorbed X-ray result. The optical flux is then reddened in a manner consistent
with the column density of the interstellar medium along the line of sight [166] for each simulated
NBWD. A histogram of the resulting apparent magnitudes is shown in Figure 3-2. Because most
of my observations in the track sample took place on the MDM 1.3m , I will adopt my P 16.0 as
my flux limit. I find 4069 of the 5000 (81.4%) NBWD in the simulation are optically brighter than
this limit. Thus only 0.66% of Galactic NBWD are in the track sample and brighter than 16th
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magnitude.
Finally, I assessed the status of the observations in the track sample. I found only 25 (of 383)
fields with stars brighter than my a 16.0 which were not either identified in the literature search
or complete (for my < 16.0) with respect to spectroscopic observation. This means that the track
sample is 93.4% complete at 16th magnitude. Thus I expect I should have detected 0.62% of all
Galactic NBWD in this study.
Since I did not discover any new Galactic NBWD, Poisson statistics would imply that the true
expectation for new Galactic NBWD in this program could be as high as 3.0 before our results (0.0)
would fall outside the range of statistical acceptability (at 95% confidence limits). I conclude there
are fewer than 484 NBWD in the Milky Way at the this confidence limit. This limit is consistent
with the theoretical work of Di Stefano & Rappaport [34] who use a population synthesis code to
predict 400-2900 Galactic NBWD. However, when they scale their prediction to the "integrated
blue light emitted by M31" they infer between 184-1150 systems, in still better agreement with our
results.
3.3.2.2 White Dwarfs
White dwarfs are among the most well-studied classes of stars in the Galaxy because of their impor-
tance to many areas of astronomy and physics. As the end states of low mass stars, the properties of
white dwarfs, in conjunction with stellar evolution theory, constitute a record of the star formation
in the Milky Way [7]. The mass distributions for white dwarfs are sharply peaked near 0.60 M® (see
a review by Weidemann [179] and sources within). Such constraints are important for shaping the
theory of evolved stars.
Individually, white dwarfs also hold a great deal of interest for the astrophysicist. White dwarfs
are degenerate stars, their mass is supported by non-relativistic electron degeneracy pressure, cre-
ating an interesting state of matter. Deriving the equation of state of an idealized white dwarf is a
standard problem in both astronomy and statistical mechanics courses. Modeling the atmospheres
of white dwarfs has become an industry unto itself. The optical spectra of DA white dwarfs (the
most common subclass) show strong Balmer absorption lines. Theoretical modeling of these lines
[155, 7, 84] determines the effective temperature (from the equivalent width - low EW implies high
temperature) and the surface gravity (from the line width - narrow lines imply low gravity). To-
gether with a mass-radius relation, like that of Eggleton [36], the surface gravity determines the mass
of the white dwarf. The detailed understanding of white dwarf atmospheres is also very important
for interpreting X-ray spectra, as the atmosphere absorbs some of the soft emission [168].
White dwarfs are very plentiful in our survey, for example they account for over half of the
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Object Name Sub- RA (J2000) Dec (J2000) HR1 HR2 CR
samples (degrees) (degrees) (cnt s - 1)
RX J0800.4-4745 tsb 120.10250 -47.76617 -0.94 -1.00 0.289
RX J1032.2+5331 s 158.06187 53.52773 -0.95 -0.72 0.397
RX J1036.9+4207 fs 159.22604 42.12862 -0.74 -0.34 0.018
RX J1043.5+4454 s 160.88417 44.90106 -0.90 -0.40 0.048
RX J1602.9+4239 ft 240.73042 42.65708 -0.61 -0.85 0.021
RX J2131.3+7036 s 322.83167 70.61425 -0.80 -0.56 0.003
Table 3.7: White dwarfs newly identified during the optical campaign. In this and similar tables,
the notation in column two refers to membership in the [f]lux limited, NBWD [t]rack, extremely
[s]oft, and optically [b]right subsamples.
identifications in the extremely soft subsample; however, most of the identifications were made via
literature searches. Table 3.7 lists the new white dwarf identifications. The spectra and finding
charts for these (and all other new optical identifications discussed in this chapter) are found in
Appendices B and C respectively; however, we show two illustrative spectra (those of RX J0800.4-
4745 and RX J0959.6-2604) in Figure 3-3
A basic understanding of the soft X-ray emission can be gleaned from the high energy tail of a
black body spectrum, the peak of which is likely to be found in the ultraviolet region. However,
the true spectrum of a white dwarf involves radiative transfer through an atmosphere in a strong
gravitational field. As discussed above, modeling of such scenarios is a industry unto itself (for
example, [84, 155, 8, 90, 168, 9] and sources within) and a detailed discussion is beyond the scope
of this work. Our program is not the first study which identifies white dwarfs in the ROSAT PSPC
pointed database. Wolff, Jordan, & Koester [185] searched for known systems from the Villanova
Catalog [106] and found that the temperatures inferred from X-ray observations are systematically
cooler than those obtained from optical studies. The authors attribute this difference to metallic
absorbers in the white dwarf atmosphere.
3.3.2.3 Cataclysmic Variables
The identified cataclysmic variables are predominately of the AM Her subtype. Of the 22 literature
identified CVs, 18 are "AM Her" systems which have magnetic fields strong enough to prevent the
formation of an accretion disk. Among the remaining four systems: two (RX J0751.2+1444 and
RX J1047.1+6335) are DQ Her types where an accretion disk can form but is disrupted by a strong
magnetic field before it can reach the surface of the white dwarf. Another SXS CV, UX UMa, is a
nova-like system with a prototypical spectrum of an optically thick accretion disk. The final source
(EU Cnc) has not been classified although Ritter & Kolb [137] list it as a likely AM Her CV. The
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Figure 3-3: Two of the new white dwarfs discoveries. RX J0959.6-2604 is a more typical DA white
dwarf and RX J0800.4-4745 is much hotter, with a very shallow H and H/3 absorption lines.
CHAPTER 3. THE OPTICAL SURVEY
selection by soft X-ray emission does a remarkable job of selecting AM Her CVs. The 1993 edition
of the Ritter & Kolb catalog of CV's [137] list 231 systems, only 35 (15.1%) are classified as likely
or confirmed AM Her systems. Although Ritter & Kolb is not a complete survey, the probability
that a random selection of 22 CVs from this distribution would yield 18 AM Her subtypes is:
22!
P(22, 18) = (.151) (1- 0.151) = 6.3x10 - 12
which is highly improbable. This quantifies the conclusion that soft X-ray emission is a good selector
of AM Her systems.
In the standard model for accretion in AM Her systems, the white dwarf's magnetic field is strong
enough to force the accreted material to move along the magnetic field lines from the companion
star all the way to the magnetic poles of the white dwarf. There it passes through a shock front
above the surface of the white dwarf, heating the gas to -108 K [88, 78]. After the shock, this gas
radiates away much of the energy as hard bremsstrahlung X-rays (10-50 keV). However, a significant
fraction of this radiation is absorbed by the white dwarf and then re-radiated as blackbody emission
with a characteristic temperature of about 25 eV [85]. Additionally, there is a third component to
the emission, cyclotron radiation from the accreting matter moving about the very strong magnetic
field lines. King & Watson [79] calculate that the ratio of these components should be:
Lbb Lbb -0.55, (3.4)
(Ltb + Lcyc)
where Lbb, Ltb, and Lcye represent the luminosities from the blackbody, thermal bremsstrahlung,
and cyclotron components respectively.
However, observations of AM Her CVs have shown that the ratio given by equation 3.4 can be
significantly larger than 0.55 [65, 128]. This phenomenon is known as the "soft excess problem."
Kuijpers & Pringle [85] and later Frank, King, & Lasota [44] propose that accretion "blobs" (as
opposed to steady streams of matter used in previous models) would penetrate into the white dwarf
atmosphere before being shocked, thereby being more efficient at creating the blackbody component.
Beuermann & Burwitz [10] show that the ratio of Ltb to Lbb in the ROSAT bandpass decreases
steadily as the magnetic field increased between 10 and 40 MGauss. This is interpreted as evidence
of the diminishing importance of the bremsstrahlung radiation for small accretion column densities
(g s - 1 cm - 2 ) and high magnetic field strengths [184]. In these cases, cyclotron emission cools the
accreting material and drops the shock region to a much lower scale height, again increasing the
importance of the soft blackbody component.
We optically identified six new cataclysmic variables with SXS (Table 3.8). All of these systems
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Object Name Sub- RA (J2000) Dec (J2000) HR1 HR2 CR
samples (degrees) (degrees) (cnt s - 1)
RX J0203.8+2959 - 30.95292 29.98519 -0.69 -0.14 0.167
RX J0501.7-0359 ts 75.44354 -3.99066 -0.76 -0.95 0.355
RX J0803.7-4748 s 120.93958 -47.80950 -0.83 -0.66 0.257
RX J1007.5-2017 s 151.89562 -20.29105 -0.82 -0.61 0.194
RX J1724.1+4114 s 261.02812 41.23615 -0.62 -0.13 0.005
RX J1846.9+5538 - 281.73958 55.64302 -0.53 0.18 0.092
Table 3.8: Cataclysmic variables newly identified during the optical campaign.
have strong He II 4686 line emission (relative to H#), making them very strong candidates to be in the
AM Her subclass. We have made no attempt to perform a polarization study which would confirm
the AM Her classification. Note that Beuermann & Burwitz [10] may have independently identified
five (all save RX J0803) of these sources using the RASS, as reported during the Cape Workshop
on Magnetic Cataclysmic Variables. Unfortunately, they tabulate only the right ascension, so the
overlapping identifications with our sources cannot be conclusively be made.
We pause to consider the three CVs which we know are not AM Her systems. Regarding the
two magnetic systems, RX J1712.6-2414 is a well-studied intermediate polar (IP) with confirmed
asynchronous rotation [19, 18] while RX J1047.1+6335 is a relatively unknown system which also
shows two periods [146]. In fact, there are more than these two IP/DQ Her systems that show
supersoft emission. Haberl & Motch [58] have used ROSAT and follow-up optical observations to
show there seem to be two classes of IP, those which have the the "classic" thermal bremsstrahlung
X-ray spectrum and those which have black body type spectra with temperatures between 40-60
eV. They suggest that this new class, which bears similarities to AM Her stars with magnetic fields
at the weak end of the distribution, may be the evolutionary connection between these two groups.
Regarding UX Uma, the prototypical thick-disk CV, other observers have observed it to have a soft
X-ray excess [136], but there is no current model for this flux.
3.3.2.4 Active Coronae Stars
Stars with active coronae serve as a laboratory for researchers in a number of areas [138]. Solar
astronomers are afforded large samples on which to test their models for solar X-ray activity. Prior
to the discovery of active coronae stars, these models had only one fiducial point with a particular
age, chemical composition, mass, rotation speed, etc., i.e., the Sun. Astronomers concerned with
general stellar physics are also interested in these objects, e.g.stars with active coronae provide a
population with which to test models for mass and angular momentum losses. These losses, and
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Figure 3-4: One of the new cataclysmic variable identifications. The left arrow indicates the He II
4686A emission line. The right arrow shows H,3. The He II line makes this a candidate of the AM
Her subclass.
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Figure 3-5: Three new identifications of stars with active coronae. The top two panels show Ha
emission in an M and late K star, respectively. The bottom panel is a K star which has a misformed
Call H&K absorption doublet at 3934 and 3969 A (see inset).
the response of the star to these losses, have implications for stellar evolution. Active stars and
their associated mass ejections are thought to be a significant contributor to the interstellar medium
(Montmerle [107] and sources within). The reader is recommended to read a 1985 review article by
Rosner, Golub, & Vaiana [138] and sources therein for further details.
In Table 3.9 we list 36 new optical identifications of SXS as active coronae stars. Most of these
systems show narrow-line emission in the Balmer series atop a stellar continuum. The remaining
few are identified on the basis of an emission reversal in the cores of the Call H&K absorption
doublet. Many of the remaining unidentified SXS may be stars with active coronae; however, both
the limited resolution in our program and the inefficient response of our optical system in the
3900-4000 A range (that contains the Call H&K doublet) prevented more such identifications. An
estimate of the spectral class of each identification is shown in the final column of Table 3.9. This
characterization is based only on simple inspection of the spectrum, and no attempts were made to
classify the spectra analytically, e.g., cross correlation with spectral libraries.
Late type (spectral classes M to F) active coronae stars have "starspots" analogous to the mag-
;434
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Object Name Sub- RA (J2000) Dec (J2000) HR1 HR2
samples (degrees) (degrees)
CR
(cnt s- 1)
Spec.
Type
RX J0318.4+4248 s 49.60292 42.80842 -0.89 -0.77 0.010 M
RX J0324.1+4831 t 51.02667 48.52239 0.82 -0.20 0.011 M
RX J0338.9-2434 s 54.74208 -24.57478 -0.86 0.09 0.017 M
RX J0409.6-1745 - 62.40625 -17.75572 -0.68 -0.17 0.014 M
RX J0459.6+0152 t 74.92333 1.87569 0.67 -0.60 0.003 M
RX J0529.7-6501 b 82.42833 -65.02189 -0.64 -0.49 0.016 K
RX J0532.4-0019 t 83.10958 -0.32525 1.00 -0.33 0.006 M
RX J0538.0-0204 t 84.51250 -2.07931 1.00 -0.33 0.011 K
RX J0540.1-0203 t 85.02583 -2.05753 0.82 -0.50 0.010 K
RX J0542.1+1229 s 85.53521 12.49507 -0.58 -0.82 0.002 M
RX J0640.7+6807 b 100.19083 68.12889 -0.51 -0.80 0.004 K
RX J0641.1+0902 t 100.27958 9.03936 1.00 0.00 0.002 K
RX J0806.9+4217 b 121.72542 42.28425 -0.62 -0.05 0.012 M
RX J0812.6-2133 s 123.17167 -21.55133 -1.16 0.00 0.007 M
RX J0858.4-2714 - 134.62125 -27.23797 -0.51 -0.69 0.030 M
RX J0914.4+5241 b 138.60313 52.68670 -0.52 -0.59 0.271 K
RX J0932.6+8208 - 143.16833 82.14447 -0.51 -0.22 0.037 K
RX J0941.9+3857 - 145.48583 38.95286 -0.55 -0.89 0.002 M
RX J0942.8+7002 b 145.70333 70.04697 -0.53 -0.19 0.095 M
RX J0944.2+4725 - 146.07333 47.42494 -0.52 0.50 0.015 M
RX J1006.7+5259 b 151.69792 52.98992 -0.53 -0.01 0.010 M
RX J1011.3+4927 b 152.84771 49.45418 -0.54 -0.33 0.139 K
RX J1036.4+4130 b 159.11333 41.50569 -0.60 -0.18 0.012 M
RX 11103.3+3558 - 165.83500 35.97783 -0.65 -0.63 0.209 M
RX 11105.0+6329 b 166.26292 63.49958 -0.51 -0.30 0.017 M
RX 11113.9+4302 f 168.49208 43.04489 -0.54 -0.07 0.015 M
RX J1216.8+6902 b 184.21667 69.03367 -0.60 -0.37 0.009 M
RX J1224.9+2615 b 186.23500 26.25678 -0.57 0.20 0.009 M
RX J1314.9+3517 - 198.72708 35.29883 -0.50 -0.36 0.018 M
RX J1335.9+4023 f 203.99833 40.39217 -0.54 -0.27 0.028 M
RX J1605.1+6630 b 241.28417 66.50842 -0.56 -0.43 0.007 M
RX J1608.4-3900 t 242.11792 -39.00867 1.00 0.00 0.022 M
RX J1608.9-3945 t 242.22625 -39.76575 0.90 -0.26 0.016 M
RX J1609.1-3958 s 242.29000 -39.97817 -0.81 0.00 0.011 K
RX J1613.8+3346 b 243.47333 33.77164 -0.61 -0.11 0.020 M
RX J1658.0+6436 - 254.51917 64.61472 -0.51 -0.10 0.015 M
RX J1702.1+5104 b 255.54542 51.06706 -0.64 -0.89 0.044 M
RX J1710.5+5725 b 257.64667 57.42956 -0.75 -0.51 0.087 K
RX J1841.5+3942 - 280.39583 39.70847 -0.54 -0.84 0.037 M
RX J1846.6-7836 t 281.66042 -78.60872 1.00 -0.11 0.004 M
RX J2144.2+0638 b 326.06333 6.64325 -0.76 -0.56 0.069 M
RX J2202.3+4357 - 330.58458 43.96239 -0.53 -0.75 0.002 M
RX J2256.5+1633 b 344.14528 16.55179 -0.50 0.06 0.054 M
le 3.9: Active corona stars newly identified during the optical campaign. The spectral type (last
column) is an estimate based on simple inspection.
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netic storms on the surface of the Sun, but their X-ray emission can be to 1000 times greater than
the solar X-ray luminosity. The corona and chromosphere in these stars are heated through a combi-
nation of magnetic stresses and acoustic waves, both of which originate in the star's convective zone
[110]. The magnetic fields, which are typically more important than pressure waves, are created by
a dynamo effect which finds its origins in the differential rotation of the star. Local regions of very
high magnetic activity appear as starspots which are inferred from the variability in the light curves
of such stars. Chromospheric plasma is confined by the magnetic field lines, creating arc structures
such as are found on the Sun. The convective region and differential rotation of the star stress the
magnetic field loops (and thereby the plasma), twisting and contorting them. This stress is relieved
by magnetic reconnection, in which the field loops break and then reconnect with new poles in such
a way that the field lines are (temporarily) less distorted. In the process, plasma can be released
into space - yielding a stellar flare that can be observed at EUV and X-ray frequencies.
All of this activity has two effects. First, the arcs and flares are optically thin thermal plasmas
at a few x 107 K and emit in the X-ray region accordingly [134]. Secondly, energy is transferred
into the stellar corona (also an optically thin thermal plasma) maintaining it a temperature notably
cooler (a few x 106 K) than that of the flare. The result is that the X-ray spectrum of an active
corona is well fit by a two temperature thermal plasma model. In the optical spectrum, one often
sees that the cores in the Call H&K absorption doublet (formed in the photosphere of the star)
show peaks of emission (from the chromosphere, by gas heading toward the corona). Narrow Balmer
emission lines are also occasionally seen.
In a supersoft source, the emission from the heated corona dominates that from the arcs and
flares. Note that the regions of the HR1-HR2 plane from which I selected the SXS avoids the
majority of the detections in the WGA and SRC catalogs (see Figure 2-10), most of which are likely
to be stars with active coronae or AGN. Even so there are 24 active coronae stars in the track sample
and 36 with HR1 < -0.5. It is likely that these sources represent a different state or mechanism
than most stars with active coronae. However, a detailed comparison of the differences between SXS
and the more typical active coronae systems is beyond the scope of this thesis.
Many investigations have concluded that the formation of coronae in late type stars is enhanced
by rapid rotation [138, 176, 174, 97]. The mechanisms which can create such a scenario are rather
varied. W UMa stars are "contact binaries" in which two main sequence stars are joined at the inner
edge. These systems rotate extremely rapidly (Kepler's law yields a period of < 5.6 hours for two
"suns" in such a configuration) and have two stellar cores, each with the possibility of generating its
own magnetic field. RS CVn stars are binaries in which one of the members is a late-type subgiant
star [59]. The combination of larger surface area and increased magnetic activity make these the
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most X-ray luminous of the active coronae systems, often having luminosities in excess of 1030 erg
- 1
. However, a binary system is not necessary to generate an active corona, FK Com stars [13] are
evolved late type stars that are rapidly rotating, but are isolated. Nor is a subgiant required, BY
Dra or dMe/dKe stars are very late type dwarf stars that are rapidly rotating. They are typically
isolated, although some are also binary systems.
The mechanism for X-ray emission in earlier type stars (O and B) is much different than in the
magnetic scenario described above. X-ray brightness does not correlate with rotation period, but
rather is proportional to the star's bolometric luminosity ([121] and sources within) which argues
against the dynamo effect. Lucy & White [175] suggest that a strong radiatively driven stellar wind
would be unstable, forming high density blobs [117]. These blobs form shocks in the wind which
produced the observed X-ray emission.
3.3.2.5 Bright Stars
As discussed earlier in this chapter, it is improbable (at the 99% confidence limit) for a star brighter
than 10th magnitude to be within the average SXS error circle (0.70 arcmin) and not be the optical
counterpart. In the case of O and B stars either there is a wind-related source of the soft X-ray
emission, or there may be an unobservable companion white dwarf. For stars of spectral types late
B to F5 the later option, that of the white dwarf companion is the most plausible scenario for the
X-ray identification. For stars with spectral types later than F5, there again may be a white dwarf
companion or the bright star itself possesses a low temperature active corona, but one that is too
weak to be detected via Ca II H&K inversion or Balmer line emission for observations conducted
with 5A spectral resolution.
Note that the "bright star row" in Table 3.6 is not exhaustive; there are bright stars among
the SXS that are not included in that tabulation, primarily because a "bright star" classification is
somewhat misleading. Although we are confident that the star is related to the identification, it is
uncertain whether one has found an active corona star, a companion white dwarf, or something else.
Additionally, it is clear that the object is not a new NBWD, the stated goal of the NBWD track,
extremely soft, and optically bright samples. Detailed studies of the bright stars at high resolution
could determine which of these have white dwarf companions, but this task is beyond the scope of
this project.
The only bright star listed as an identification in the flux limited sample, RX J1510.6+3856,
warrants special attention. As mentioned in Chapter 2, all the sources in the flux limited sample
need to be conclusively classified. As described above, this is not simple for the case of a bright star.
SAO 064540 (= AG+39 1436) is an 8.8 magnitude KO star located 0.255 arcminutes to the east
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of the nominal X-ray position of RX J1510.6+3856. According to equation 3.2, one expects only
3.1x 10- 4 such systems by random chance to fall within any given error box. In fact, the probability
that this SAO star is present by chance is significantly lower than this. RX J1510.6+3856 is located
at a galactic latitude of +590 where the density of bright stars is much lower than the value one
calculates by averaging over the entire sky, as was done in equation 3.2. Given that the star is of
a late type, I will enter this star into the statistics of the flux limited sample as an active corona
system; however, I list it separately in Table 3.6 to emphasize its origins.
3.3.2.6 Active Galactic Nuclei
Active galactic nuclei (AGN) refer to extragalactic sources in which the emission cannot be synthe-
sized from a reasonable combination of systems found in a typical galaxy (e.g., stars, white dwarfs,
supernova remnants, etc.). In nearby AGN, it is clear that the non-stellar flux originates near the
galaxy's center. By extension, even though for high redshift objects where the emission can not
be spatially resolved, it is thought that the non-stellar flux also emanates from the central regions
of the host galaxy. The classification of AGN into their numerous subtypes is quite a task with
over 10 classifications to choose from, many requiring information I do not possess (e.g., the radio
brightness). I will simply make one division that between quasars (high-luminosity emission-line
AGN) and Seyfert galaxies (low-luminosity emission-line AGN). Following Woltjer [186], I will take
the dividing line between these to classifications to be at My = -23.
An excellent review of AGN can be found in a series of lectures by Blandford [12], Netzer [112],
and Woltjer [186]. The overview which follows is taken from these sources, except where noted. The
physics of AGN is a rapidly evolving field. I will not try to follow these developments here; however,
the reader is invited to read reviews by Mushotzsky, Done, & Pounds [111] and Antonucci [3].
The basic physical picture for an AGN is a supermassive black hole (10'6 MBH/Mo D 109)
rotating at the center of the host galaxy. Gas is probably fed into the black hole through an
accretion disk accreting gas photoionized by the X-ray and UV light emanating from the nucleus.
The space inside the torus ring, in including any accretion disk above and below the disk is known
as the broad line region (BLR). Here clouds of gas reprocess emission from the black hole. The line
widths have corresponding velocities up to 50,000 km s- 1 , even for low ionization transitions, and so
these velocities must arise from Doppler broadening. Emission from the broad line region is highly
variable, as would be expected for emitting objects that are very close to the central source. Further
out there is evidence of a torus of gas and dust which blocks the direct view of the central engine
for a range of inclination angles. An extended and larger region above and below the torus contains
photoionized and rarefied gas known as the narrow line region (NLR). Here the gas is nearly at rest
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Figure 3-6: Four new AGN discoveries with redshifts (top to bottom) of 1.1, 0.44, 0.29, and 0.16.
with respect to the host galaxy, with a Doppler width ! 1500 km s- 1..On the basis of variability,
Netzer [112] finds that the NLR is 10-100 pc away from the black hole, while the BLR is on the
order of 0.1 pc away. The NLR is observable in all AGN, but the BLR may be obscured by the
torus. Often one speaks of "Type 1" and "Type 2" Seyfert galaxies for systems with and without
broad line emission, respectively.
In Table 3.10 I list the new SXS active galactic nuclei discovered in this work, along with their
redshifts. The results on supersoft AGN are sufficiently interesting, and so different from the stellar
objects discussed in the rest of this work, that that I devote Chapter 6 to these objects. There we
show, among other things, that the SXS AGN are found at redshifts greater than 1.0 (and in one
case greater than 2.5). Prior to this study, soft X-ray emission in AGN was recognized primarily
from low-luminosity Seyfert galaxies, and the distribution among the various AGN subclassifications
was unknown [54]. We also discuss the implications SXS quasars have for the 0.25 keV band of the
cosmic X-ray background. In all, we optically identified 201 SXS AGN, 72 of which are new.
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Object Name
RX J0007.9+0528
RX J0044.0+0133
RX J0149.6-1352
RX J0937.0+3616
RX J0941.9+3533
RX J0947.0+4721
RX J0947.7+4711
RX J0953.5+3917
RX J0954.1+4628
RX J0958.6+5602
RX J1006.1+5542
RX J1008.6+5437
RX J1012.7+5135
RX J1016.8+5235
RX J1018.5+5325
RX J1029.2+5724
RX J1030.4+5514
RX J1052.0+3319
RX J1057.5+5145
RX J1100.2+3935
RX J1100.6+6053
RX J1101.1+6148
RX J1115.3+1757
RX J1118.1+2128
RX J1215.6+3250
RX J1225.9+2438
RX J1226.2+2533
RX J1236.9+2656
RX J1237.6+2642
RX J1241.3+3204
RX J1241.3+3212
RX J1253.2+2604
RX J1253.4+2534
RX J1307.7+3710
RX J1312.5+2832
RX J1316.6+4452
Sub-
samples
b
f
f
f
fb
f
f
f
f
f
f
f
f
b
f
f
f
f
fb
f
fb
f
f
fs
f
f
f
f
fb
fb
HR1 HR2IRA (J2000)(degrees)
1.97625
11.02271
27.41000
144.26042
145.49542
146.76456
146.93667
148.37875
148.54500
149.65084
151.53833
152.15417
153.17792
154.21042
154.64500
157.31958
157.60917
163.02208
164.39708
165.06750
165.17125
165.28042
168.83833
169.52708
183.90125
186.48979
186.56750
189.23750
189.42052
190.33062
190.34605
193.31764
193.36583
196.94250
198.12750
199.16500
Table 3.10: Active galactic nuclei newly identified during the optical campaign (Part 1).
Dec (J2000)
(degrees)
5.48222
1.56075
-13.86992
36.27072
35.56306
47.36194
47.19048
39.29136
46.47317
56.04386
55.70766
54.62925
51.58658
52.58741
53.42500
57.40767
55.23475
33.32517
51.75897
39.58892
60.88889
61.81047
17.95546
21.47116
32.83894
24.63715
25.55083
26.94930
26.70669
32.07323
32.20109
26.07116
25.56796
37.17642
28.53600
44.87503
-0.52
-0.51
-0.63
-0.55
-0.56
-0.68
-0.56
-0.65
-0.55
-0.56
-0.51
-0.51
-0.54
-0.56
-0.52
-0.50
-0.66
-0.50
-0.62
-0.51
-0.63
-0.50
-0.54
-0.53
-0.51
-0.61
-0.59
-0.67
-0.61
-0.51
-0.56
-0.59
-0.55
-0.57
-0.69
-0.52
CR
(cnt s-')
0.011
0.169
0.103
0.028
0.047
0.090
0.024
0.081
0.015
0.072
0.017
0.029
0.023
0.020
0.037
0.177
0.229
0.015
0.030
0.050
0.071
0.027
0.026
0.023
0.025
0.023
0.026
0.021
0.022
0.022
0.047
0.051
0.049
0.033
0.031
0.009
-0.03
-0.26
-0.30
0.00
-0.02
-0.39
-0.18
-0.13
-0.06
-0.31
-0.12
-0.23
-0.21
-0.18
-0.22
-0.05
0.11
-0.28
-0.72
-0.18
-0.26
-0.16
-0.19
0.02
-0.14
-0.49
-0.21
-0.30
-0.44
-0.15
-0.34
-0.26
-0.27
-0.27
-0.01
-0.73
Red-
shift
1.099
0.442
0.15
0.179
0.225
0.538
0.700
0.919
2.580
0.215
0.743
0.783
0.671
0.439
0.175
0.189
0.435
0.478
0.923
0.313
0.516
0.351
0.732
0.649
1.001
0.547
0.277
0.227
0.021
0.531
0.387
0.409
0.142
0.681
0.898
0.091
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Object Name Sub-
samples
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
RX
fb
f
f
f
f
f
f
f
f
f
f
f
f
f
fb
f
f
f
f
RA (J2000)
(degrees)
202.19750
203.50833
204.27646
204.46625
204.65542
204.65062
204.75167
204.86967
204.86146
205.15904
205.31792
206.38115
206.74041
206.97542
207.59125
213.42625
213.54292
213.59208
214.58792
216.20000
216.23937
220.31778
227.78000
229.31833
240.55395
247.36250
247.37625
247.88208
248.28333
248.60625
249.28667
250.60278
251.59208
265.39083
345.31625
359.88722
HR1 HR2
J1328.7+5038
J1334.0+2648
J1337.1+3933
J1337.8+4001
J1338.6+2546
J1338.6+3814
J1339.0+3928
J1339.4+4032
J1339.4+5227
J1340.6+4036
J1341.2+5617
J1345.5+5523
J1346.9+5606
J1347.9+2555
J1350.3+2653
J1413.7+3645
J1414.1+3635
J1414.3+3636
J1418.3+0637
J1424.7+3249
J1424.9+4214
J1441.2+3450
J1511.1+3810
J1517.2+5549
J1602.2+4325
J1629.4+5910
J1629.5+4206
J1631.5+4228
J1633.1+7613
J1634.4+4127
J1637.1+4140
J1642.4+3917
J1646.3+3928
J1741.5-5331
J2301.2-5131
J2359.5-2558
Dec (J2000)
(degrees)
50.63428
26.81522
39.55559
40.01860
25.77961
38.24246
39.47696
40.54761
52.45217
40.61181
56.28378
55.39910
56.11539
25.93194
26.88508
36.75822
36.59375
36.60374
6.62992
32.83076
42.23526
34.84371
38.17353
55.82725
43.42228
59.16814
42.10769
42.47031
76.22772
41.45744
41.67164
39.29823
39.48014
-53.53206
-51.53189
-25.97471
Table 3.10: Active galactic nuclei newly identified during the optical campaign (Part 2).
-0.51
-0.50
-0.52
-0.55
-0.68
-0.54
-0.55
-0.64
-0.51
-0.59
-0.58
-0.63
-0.52
-0.53
-0.56
-0.60
-0.58
-0.63
-0.54
-0.61
-0.57
-0.67
-0.54
-0.55
-0.57
-0.52
-0.53
-0.51
0.67
-0.50
-0.57
-0.52
-0.52
0.94
-0.68
-0.56
CR
(cnt s-1)
0.080
0.036
0.039
0.025
0.025
0.023
0.021
0.061
0.028
0.171
0.020
0.020
0.023
0.016
0.021
0.024
0.046
0.048
0.073
0.023
0.127
0.097
0.016
0.015
0.036
0.018
0.051
0.058
0.004
0.022
0.063
0.022
0.102
0.017
0.038
0.231
I IRed-shift
0.147
0.418
0.836
0.683
0.607
0.610
1.271
0.118
0.269
0.161
0.244
0.118
1.390
0.424
1.621
0.758
0.342
0.617
0.329
0.210
0.316
0.350
1.049
1.220
0.272
1.248
0.072
0.529
0.177
0.406
0.757
0.184
0.100
0.090
0.742
0.287
-0.21
-0.05
-0.12
-0.20
-0.15
-0.16
-0.31
-0.42
-0.14
-0.18
-0.21
-0.24
-0.26
-0.17
-0.33
-0.11
-0.30
-0.19
-0.44
-0.67
-0.42
-0.35
-0.18
-0.18
-0.30
-0.30
-0.15
-0.06
-0.60
0.01
-0.12
-0.14
-0.16
-0.09
-0.20
-0.31
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Temperature FBol Fx 6  Fopt Expected Limiting
(x106 K) erg/s/cm 2  erg/s/cm 2  erg/s/cm 2  Fx/Fopt Fx/Fopt
0.5 9.3x10 - 1 4  7.1x10 - 14  4.1x10 - 19  1.7x10 5  5.6x10 1
0.8 6.1x10 - 13  5.6x10 - 13  6.6x10 - 19  8.5x105  4.9x102
1.0 1.5x10- 12  1.4x10 - 12  8.3x10 - 1 9  1.7x106  1.1x103
1.3 4.2x10- 12  4.2x10 - 12  1.1x10 - 18  3.9x106  3.3x103
2.0 2.4x10 - 1 1  2.4x10 - 11  1.7x10-18  1.4x10 7  1.9x104
Table 3.11: X-ray and optical properties of isolated neutron stars assuming a blackbody spectrum
of given temperature, RNS = 10 km, and at a distance of 2 kpc.
3.3.2.7 Empty Fields as Candidate Isolated Neutron Stars
As mentioned in Section 3.3.1, attempts to complete the identifications of all the SXS in the sub-
samples was hindered by X-ray error boxes for which there were no visible objects on either the
DSS or follow-up photography of the survey plates. Since we have selected our sample on the basis
of X-ray softness it is very possible that some of our SXS sources may be isolated neutron stars
(NS). Isolated NS are frequently found as radio pulsars or as the young stellar remnant (pulsed or
not) of supernova explosions (Petre, Becker, & Winkler [122] and references therein) in supernova
remnants. Non-pulsing NS that are unassociated with any supernova remnant are very difficult to
find. In fact, serendipitous detection of ROSAT SXS associated with optically "blank" fields during
deep pointings may be one of the best ways to locate such objects.
Examination of theoretical cooling curves for neutron stars [163, 115] show that for ages between
102 and 105 years the effective temperature is remarkably well constrained to the range 0.8 - 1.3
x 106 K, with very large gradients at both earlier and later ages. X-ray detections of radio pulsars
by ROSAT [163] and Einstein [114] agree well with this range. In Table 3.11 we give the bolometric,
X-ray (ROSAT band 0.1-2.0 keV), and optical (approximate V-band from KPNO Harris filters at
50% transmission, 4865-5835 A) fluxes for a NS with a 10 km radius which is emitting as a blackbody
and is located at a distance of 2 kpc. In addition, we calculate the expected Fx/Fopt ratio, and a
lower limit on this ratio assuming no detection at mv <23.5.
The lower limits prove very interesting. For NS with temperatures just slightly larger than
800,000 K (where the cooling curves predict a young neutron star should be), an image with no
detection at my = 23.5 implies fx/fopt>500. If the X-ray spectrum indicates a hotter NS, then the
lower limit becomes even stronger - by T = 106 the lower limit for the flux ratio exceeds 1000. By
comparison, normal stars have Fx/Fopt < 1 [50]. The only other objects that show such such high
60.1 - 2.0 keV (Unattenuated)
74865 - 5835A (Unattenuated)
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flux ratios are accretion powered binaries, which have higher X-ray luminosity and harder spectra
[165, 15] than the SXS studied here. Other than a neutron star, the most probable candidate to
possess such a soft spectrum and be undiscernable on an optical finding chart is a supersoft quasar.
In Chapter 6 I determine the F(0.1 - 2.0keV)/Fv ratio for SXS AGN and use that result to derive
an estimate for the V-band apparent magnitude of the AGN. Here I simply cite the results, namely
(F /Fv) = 2.29+3., and
my = 19.2 - 2.5 log + 0.014 - 2.5 log (3.5)
Therefore, for an X-ray count rate of 0.010 counts s - 1 , an image with limit my = 22.0 could rule
out an SXS AGN more than the 5o- level.
In short, by approaching these blank fields from a multi-wavelength standpoint and selecting
candidates from deep, soft X-ray exposures it is possible to eliminate virtually all other known
possibilities for the origin of the emission and thereby establish the likelihood of an isolated NS
identification. This type of work can be strongly facilitated with further X-ray imaging studies,
particularly precise position determinations with the ROSAT HRI and pulsar searches with X-ray
or radio instruments.
It is also quite plausible that these NS would appear among our SXS, mainly in the NBWD track
sample. In 3-7, I simulate the effects of interstellar absorption on the typical X-ray spectrum of a
neutron star, plotting the count rate, and both hardness ratios as a function of column density. The
curves are truncated below 0.001 counts s-1 at which point they would be too faint to be included in
the WGA and SRC catalogs. Figure 3-8 plots the hardness ratios from Figure 3-7 on the HR1-HR2
plane. This demonstrates how neutron stars of various temperatures would or wouldn't be included
as SXS (i.e., either HR1 < -0.5 or falling below the dashed line in Figure 3-8. These figures
show how spectral evolution with column density brings NS with temperatures ranging between
0.8 - 1.8x 106 K back into the track subsample.
Finally, NS have already been observed with ROSAT. RXJ0059.2-7138 [69] is a transient pulsar
in the SMC which shows an unusually strong soft blackbody component (28 eV). In addition Halpern
et al. [61] report on the soft X-ray properties of J0437-4715, a pulsar in a binary system with a white
dwarf. They also note soft X-ray emission, probably from a hot (T-106 ) polar cap. Additionally,
the pulsar listed in Table 3.6 is Geminga which is known to emit in the extreme ultraviolet/soft
X-ray region [60]. We have also compared the online pulsar catalog of Taylor, Manchester, & Lyne
(private communication, 1993) with the pointed database. There was only one match within 1.5',
but it was too far out of the error circle to claim an identification. Our best neutron star candidate,
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Figure 3-7: ROSAT count rate (upper plot), HR1 (lower plot, solid line), and HR2 (lower plot,
dashed line) for NS with temperatures given in Table 3.11. Each curve is truncated after such a
source could no longer be detected in a 10,000 s exposure. Each family of curves is ordered (working
upward) from lowest to highest temperature.
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Figure 3-8: A plot in the HR1-HR2 plane
of NS tracks with temperatures given in Ta-
ble 3.11. The variable along each track is
the absorbing column density. The curve
is truncated after such a source could no
longer be detected in a 10,000 s exposure.
Each family of curves is ordered (working
upward) from lowest to highest tempera-
ture. The dashed trace shows the region
defining the NBWD track sample.
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RX J1856.5-3754 (appearing in the track sample), has already been published by a competitor after
independent discovery ([173, 21]).
In January 1997, I was awarded four nights of imaging time on the MDM 1.3m , in part to quantify
the minimum F,/Fopt values for these "blank fields " via deep optical imaging. Unfortunately,
weather problems limited me to one night of observing and I was not able to obtain any data for
this project. This area, however, is ripe for follow-up work.
3.4 Conclusions
1. While I did not discover any new NBWD, I find that there should be less than 484 Galactic
NBWD (95% confidence). This upper limit is consistent with population synthesis studies of
Di Stefano & Rappaport.
2. The success of the track sample at finding known luminous supersoft systems (6 symbiotic
stars and all 8 known close binary NBWD) shows that one expects NBWD to be found on a
narrow locus of points in the HR1-HR2 plane. Although this locus must be redetermined with
each new detector, doing this work drastically improves the efficiency of the program.
3. The survey discovered a large number of new supersoft X-ray sources, including 72 AGN, 45
stars with active coronae, 6 isolated white dwarfs, and 6 cataclysmic variables.
4. New fronts for research were uncovered including about 40 "blank fields" which may contain
isolated neutron stars, and over 200 bright stars which are likely to have either an active corona
or a white dwarf companion.
Chapter 4
Long-Term Optical Spectroscopy
of RX J0019.8+2156
Over the course of two years I accumulated more than 180,000 seconds of optical
spectra on RX J0019.8+2156, one of two close binary, nuclear burnmng white dwarfs
in the Milky Way. These data are the basis of a series of radial velocity and spectral
studies. Among the most interesting results are two new discoveries: (1) transient, low-
velocity, bipolar jets and (2) P Cygni absorption features in the Balmer lines that vary
with the orbital period. The effort to complete a self-consistent binary model with a
detailed description of the jet and wind geometry is partially successful.
4.1 Introduction
Only two luminous, close binary, surface nuclear burning white dwarfs (NBWD) are known in the
Milky Way: RX J0925.7-4758 [109] and RX J0019.8+2156 [11] (hereafter RXJ0019). The actual
underlying population is probably much larger (see Section 2.3.2.2); however, most are rendered
undetectable due to absorption of the soft X-rays by the interstellar medium. Since RX J0925.7-
4758 (my = 17.1) is obscured by the Vela Sheet molecular cloud, and its intrinsic optical spectrum
is both heavily attenuated and reddened [109, 52], RXJ0019 is the prime galactic NBWD candidate
for detailed optical study.
Beuermann et al. [11] discovered RXJ0019 as part of the ROSAT all-sky survey in 1990 December.
This initial detection was followed by a battery of short ROSAT PSPC, ROSAT HRI, IUE, and
optical (both spectroscopic and photometric) observations in 1992-93. Among other findings, these
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studies led to the optical identification of RXJ0019 with a 12.2 magnitude star [11]. The light curves
of the X-ray, optical, and UV data show modulation with a period of 15.85 hours (interpreted as
an orbital period) as well as smaller fluctuations on time scales of hours. The X-ray spectrum is
extremely soft (kT = 22 eV for an assumed blackbody spectrum, kT = 34 eV for an assumed LTE
model atmosphere [167]), and the source is fairly luminous (Lbol - 4x 1036 erg s -1 in the LTE model)
[11]. The optical spectrum shows strong hydrogen lines, exceptionally strong He II emission, and P
Cygni absorption i associated with the Balmer lines. Beuermann et al. also report that the radial
velocity of the He II 4686A line shows the orbital period (with a K velocity of 67 ± 3 km/s).
Greiner & Wenzel [55] examined archival photographic plates dating between 1890 and 1990 from
the Harvard plate stacks and the Sonnenberg Observatory. In addition to the orbital period and the
short time scale flickering, and they discovered -1 magnitude variations on time scales of -20 years
and small, aperiodic amplitude fluctuations over a few weeks.
Will & Barwig [183] studied RXJ0019 with UBVRI photometry from 1992 to 1995 using a
multichannel photometer on the Wendelstein Observatory 80-cm telescope. RXJ0019 shows both
primary and secondary minima (Figure 4-1); the primary minimum is -0.5m deep and covers nearly
40% of the orbital phase (FWHM). Their determination of the mid-eclipse time results in the best
orbital ephemeris to date and yields an orbital period of 15.85133 + 0.00017 hours.
Ginsicke, Beuermann, & de Martino [47] observed RXJ0019 with the IUE telescope using both
the short-wavelength prime (SWP; 1250-1900 A) and long wavelength prime (LWP; 2000-3200 A)
spectrographs. The 15.85 hour periodicity, and both primary and secondary dips are present in the
UV light curves, although the minima were stronger in the LWP (32% modulation) than the SWP
(22%). The He II 1640A line is present and shows a stronger modulation than the continuum (43%).
Their fits to the UV spectrum using a simple model for an irradiated donor and accretion disk [135],
yielded parameters consistent with masses of 1.0 and 1.5 Me for the white dwarf and donor star,
respectively. [47]
In this work we present our spectroscopic observations of RXJ0019 over the past 2.5 years. This
work extends the initial radial velocity work of Beuermann et al. [11] (which was completed over an
interval of only 4 days) to a much longer baseline, probing the dynamics of the emission line region
and any systematic fluctuations over a much longer time scale. In §4.2, we present our observations
and the data reduction procedures. In sections 4.3 and 4.4 detail the results from the radial velocity
study, and the spectral analysis, while interpretation of P Cygni profiles and a transient low-velocity
jet is undertaken in section 4.5. In Section 4.6 we discuss our attempts to model the complete binary
1 p Cygni profiles are marked by an absorption trough slightly blueward of an emission line. This feature is the
result of bound-bound absorption by a gas moving with bulk motion in the direction of the observer. An illustrative
calculation of this effect is presented in Appendix A
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Figure 4-1: Light curve in B of Will & Barwig [183] for RXJ0019
period, 15.85133(17) hrs.
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Observing JD-2400000 JD-2400000 Exposure Bandpass Number of Number of Number of
Run Start End (sec) (A) Nights Pointings Spectra
Dec 94 49696.693 49700.645 300 3800-6200 4 4 33
Jun 95 49875.973 49881.932 100 4100-7200 8 6 88
Oct 95 49991.667 49996.958 200 4600-7575 6 28 140
Nov 95 50025.694 50026.711 200 3885-6300 4 4 23
Dec 95a 50050.580 50051.802 300 4500-7425 2 6 28
Dec 95b 50052.561 50055.740 300 4025-7110 4 13 60
Dec 95c 50056.646 50065.738 300 4280-7125 10 18 115
Jan 96 50086.572 50094.566 300 4280-7140 9 14 87
May 96a 50236.985 50241.967 200 4521-7485 6 6 17
May 96b 50249.974 50270.954 200 4536-7485 22 16 91
Dec 96 50448.601 50454.607 300 4285-7150 7 6 48
Feb 97 50465.630 50470.566 200 4460-7400 7 6 27
Table 4.1: Observations of RXJ0019.8+2156 at MDM
system using the constraints of these, and previously published data.
4.2 Observations & Data Reduction
We monitored RXJ0019 at the Michigan-Dartmouth-M.I.T. (MDM) observatory atop Kitt Peak
between 1994 December and 1997 February. Most observations were made with the 1.3m telescope,
the Mark III spectrometer, a 600 1/mm grism, and a CCD detector. This configuration yields a
resolution of 3-5A (FWHM) depending on the CCD utilized. The 1995 November observing run
was made on the 2 .4m telescope with similar instrumentation (and -3A FWHM resolution). In all,
we acquired 757 RXJ0019 spectra with a total exposure of 179,700 seconds at MDM. Table 4.1
summarizes these observations.
Additionally Dr. Jeffrey Mc Clintock and several other Harvard/CfA observers have graciously
taken spectral data for us on RXJ0019 between 1994 July and 1995 February at the 1.5m on Mt.
Hopkins with the FAST spectrograph (1200 i/mm grating). These observations were longer and of
higher resolution (-2 A) than the MDM data (see Table 4.2). These data were taken in two wave-
length intervals: one red (5750-6700 A) and one blue (4550-5500 A). These observations provided
data during the planning phases of our program. Together with the MDM data, these extend our
baseline of observations to about 2.5 years.
Given that the orbital period of RXJ0019 is -15.85 hours, it is not possible to observe one com-
plete cycle in a night. Furthermore, as the period of RXJ0019 is in a near 2:3 resonance with the
day/night cycle, it is difficult to get uniform phase coverage. The long-term optical observing cam-
paign helps overcome these difficulties. This included a dozen separate observing runs, not including
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JD - 2400000 Exposure Bandpass
(days) (sec) (A)
49655.738160 1200 4569-5520
49656.755360 900 4574-5344
49656.792080 900 5733-6687
49662.797710 900 4570-5523
49662.819210 900 5729-6683
49686.570080 900 4572-5523
49686.588220 900 5738-6684
49689.720000 900 4571-5522
49689.748870 900 5733-6687
49694.689250 900 4572-5523
49694.709460 900 5734-6688
49695.694650 900 4570-5521
49695.715140 900 5733-6686
49720.573440 900 4574-5529
49720.616370 900 4574-5528
49720.624670 300 5741-6687
49720.653580 900 5741-6687
49724.613470 900 4573-5524
49724.633840 900 5736-6689
49747.577730 900 4571-5522
49747.597220 900 5694-6682
49751.597410 900 4572-5523
49751.617640 900 5752-6727
49754.580720 900 4573-5528
49754.594210 900 5744-6725
Table 4.2: Observations of RXJ0019.8+2156 at Mt. Hopkins
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the Mt. Hopkins data. During a typical observing run, we pointed towards RXJ0019 multiple times
per night (interspersed with other programs), usually recording five 200-second exposures every two
hours for as long as the target was above two air masses. Calibration lamps were utilized before and
after each sequence. If the observing run was scheduled for more than a week, then on one night
we would observe the target nearly continuously (in 200 second segments) for two hours, taking
calibration lamp spectra each hour. The combination of frequent short exposures and occasional
longer integration times generate good phase coverage over a long baseline; the long-term sampling
also helps to investigate any spectral effects that may be associated with systematic changes in any
of the emission components. Finally, we note that the exposures taken at Mt. Hopkins (generally
900 seconds) correspond to less than 2% of the orbital period, so phase smearing effects should not
be significant.
We used standard IRAF routines to reduce the raw CCD frames into their one dimensional
flux and the dispersion calibrated equivalent as discussed in Chapter 3. The only processing step
of note was in the "REFSPEC" task in which we used the time of the exposure to interpolate
between the calibration spectra taken immediately before and after the sequence when calculating
the instrumental dispersion solution. This helps correct for the effect of instrument flexure, especially
during long sequences or at high air mass.
4.3 Analysis and Results
4.3.1 Radial Velocity and Period Determination
Radial velocity measurements were extracted with IRAF's RV package and the FXCOR tool. FX-
COR performs a cross correlation between two spectra, and we fit and subtracted the continua in
each spectrum before computing the cross correlation. The first of these spectra is a "template,"
which serves as the rest frame for the other spectra. The shifts in pixel space are converted into
heliocentric velocities relative to the template.
All of the MDM data were recast into a common dispersion solution (4300-7000A with 1.4A/pixel),
and they were cross-correlated with a template file constructed from the 1996 January observations.
We used the average spectrum from this observing run and artificially redshifted the spectrum so
that the Gaussian fits to the HeII lines yielded wavelengths that were consistent with their labora-
tory values. Given the rich line structure of RXJ0019, great care needs to be taken in determining
the regions from which to fit the continuum level. Close examination of the FXCOR processing
revealed errors in the automated placement of these windows, and therefore the continuum subtrac-
tion process was done interactively. Because the P Cygni absorption associated with the Balmer
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lines is likely to shift the centroid redward, only the He II lines are used for our definitive radial
velocity determination. Similar analysis was conducted with the Mt. Hopkins data.
The measured radial velocities described above were screened for "unusual values," e.g., a velocity
which is extremely different (3o) from the other 4 measurements during the same pointing. Only
24 of the 775 spectra were eliminated for this reason. Additionally, one instrumentation set up,
December 1995b, had an unusually large variance and was eliminated in its entirety.
The period search was done with a Stellingwerf dispersion minimization routine [156] in which
we find the minimum value in the variance statistic, e, which is essentially the ratio of the average
variance computed in small phase bins to the variance of the data as a whole. When the data are
randomly distributed, EO 1; however, if the data become ordered, as when folded at the orbital
period, E drops significantly.
After all data screening, 691 spectra were included in the Stellingwerf period search with 50 phase
bins and 5 "covers," creating ten statistically independent values of the variance. We searched for
periodicities between eight and twenty hours, incrementing the period such that the shift in phase
of any given point between the current trial period and the next trial period is A0 = 0.01. The
graphical result of the search is shown in Figure 4-2. The .15.85 hour period is easily identifiable.
The other two highly significant features are related to this fundamental period or, more precisely,
the fundamental frequency -1.514 cycles/day. The dip at 9.5 hours corresponds to the "one day
alias" of the fundamental frequency - the possibility that exactly one additional cycle was completed
during each day. The 19.1 hour dip is 1/2 the one day alias frequency.
I isolated the region surrounding the 15.85 hour feature and performed a least squares fit to
the Stellingwerf variance statistic using a "Gaussian + constant" model (Figure 4-3). The resulting
period of 15.85151(24)2 hours agrees within one sigma of the period determined photometrically by
Will & Barwig [183]: 15.85133(17) hours.
In Figure 4-4 one sees the result of folding the measured heliocentric radial velocities about the
period determined with the Stellingwerf technique. The zero point for the spectroscopic phase in
the folding procedure corresponds with the time of maximum recessional velocity. Note that this
convention uses a different definition than the photometric phase which references the mid-point
of the primary minimum. The folded radial velocity curve is fit in a least squares fashion to a
"cosine+constant" model, where the period of the cosine function has been fixed at exactly 1.0 (in
2 This method of representing measurement error implies that the parenthetical digits apply to the last significant
digits in the result. For example, 15.85151(24) is equivalent to 15.85151 ± 0.00024.
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Figure 4-2: Stellingwerf period search for RXJ0019
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Figure 4-3: Enlargement and fit to the Stellingwerf feature near -15.85 hours
the phase units). I determine the times of maximum velocity to occur at:
TD = HJD 2448887.3819(46) + N x 0.6604795(96) days, (4.1)
where N is a integer. The Doppler velocity curve is then given by:
v = -(57.5±2.3) + (71.2±3.6) cos [ (t- r)] km s - 1 ,
I2 P I
(4.2)
where r = 2448887.3819 and P = 0d. 6604 795 . The uncertainties in the Doppler curve have been
determined by readjusting the error bars on the individual data points until the value of X2 for the
best fit has a value of unity. This provides a first order estimate of the effects of errors that are
larger than can be accounted for using the statistical accuracy of finding cross-correlation maxima
for the individual spectra.
Note that while the photometric and spectroscopic periods agree, there is a discrepancy regarding
the phase. According to Will & Barwig, a primary minimum should occur at HJD 2448887.509(2)
[183] which corresponds to t = r+0.192P in the radial velocity curve (equation 4.2). However, if one
assumes both that the binary orbit is circular and that the accretion disk is circularly symmetric,
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Figure 4-4: Heliocentric velocities folded about the 15.85151 hr period and a sine wave fit.
then the primary minimum should occur as the radial velocity goes through zero with a negative
slope (at superior conjunction for the accreting star), i.e., at t = 7 + 0.250P in equation 4.2. Will
& Barwig remark that they can not predict the time of primary minimum to better than a 0.01P.
Taken in conjunction with our error in phase determination of 0.007P, we calculate the discrepancy
between the measured and expected phase for the primary minimum is 0.06P and is significant at
the 4.7o level.
4.4 Deep Optical Spectrum
Our extended monitoring provides not only radial velocity measurements, but also about 180 ksec
of spectral exposure, most of it at a resolution of 3-5A. While peculiarities in the spectrum of
RXJ0019, e.g., the extremely large He II(4686)/H# ratio, have been known since its discovery, the
high signal-to-noise of this new data set allows us to discern previously unreported features.
Because the different instrumental set-ups have different bandpasses (Table 4.1), all of the data
can not simply be added together. Rather I selected the data from the June 1995, December
1995 (set-ups b and c), January 1996, and December 1996 observing runs all of which include the
4400-7100A bandpass. In all, 398 spectra were shifted into the emission line rest frame, correcting
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the velocity predicted in equation 4.2, and then were averaged into one very high signal-to-noise
spectrum that is shown in Figure 4-5. In addition, an enlargement of the 5600-6450A region is
shown in Figure 4-6. This spectrum is extremely rich, showing very strong He II emission in the
n-43, n-44, and n-+5 transition series. To the best of our knowledge, this is the first time that such
detailed HeII spectral features have been observed in any astrophysical objects. Additionally, the
Balmer lines show P Cygni absorption, especially associated with the higher order lines. Table 4.3
lists the observed emission features, our identifications, and the observed equivalent width.
4.5 Transient Outflows
With the large mass transfer rates and high luminosities present in NBWD systems, perhaps it is not
surprising to see signs of stellar winds and outflows in the data. RXJ0019 exhibits two signatures of
bulk mass flow: (1) high velocity emission lines, and (2) "P Cygni" type line profiles. Both of these
effects can be seen in Figure 4-7, a single 900 sec exposure taken for us by J. Mc Clintock on 1994
December 12.
We have discovered that RXJ0019 produces high velocity emission lines which form redshifted,
blueshifted pairs around, at least, Ha, H, and He II 4686 with the approximate equivalent widths
3.0, 0.5, 1.0OL, respectively. These lines are transient on time scales of months. We observed them
during 1994 December, 1996 May, and 1996 December, but their presence was not significant during
the other observations. RXJ0019 is now the second supersoft source to show such emission lines.
RX J0513.9-6951 in the LMC shows weak line pairs near HeII 4686 and H3 corresponding to an
outflow velocity of approximately of 3900 km s - 1 [30, 1, 31] and these have been interpreted as
low-velocity, bipolar jets. In the case of RXJ0019, the high-velocity lines always have red and blue
components, when visible, and they are well separated from the central line. Below we show that
these profiles and velocity changes can also be modeled as emission from collimated gas flowing out
from the white dwarf or the inner disk, and henceforth we refer to these emission components as
"outflow lines" or "low velocity jets."
To obtain the radial velocity curves of Ha and Ho we first subtracted the continuum from the
spectra within ±4000 km s-lof the central line positions. We then fit the Ha and H# profiles using
a simple Gaussian corresponding to each feature (central line, P Cygni trough, red line, and blue
line), provided that the feature was present in the data. We note that in cases where the outflows
are present, the P Cygni profile and the blue outflow line "interfere" with each other, and these
simple Gaussian fits are less robust than those for the central and red lines.
When the equivalent width of the P Cygni trough is plotted against orbital phase (Figure 4-8) a
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Figure 4-5: A deep spectrum of RXJ0019 using the data from the June 95, Dec. 95, Jan. 96, and
Dec. 96 observing runs, all of which include the 4500-7100A band. About 100,000 seconds of data
are included from 398 individual spectra, redshifted into the rest frame.
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Figure 4-6: Enlargement of the 5600-6450A portion of the RXJ0019 spectrum. Most of the emission
lines are the n-+5 transitions of He II.
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Obs A Species Rest A EW Notes
A A A
He II (15-4)
HE
HeII (13-4)
H6
He
He
He
He
He
He
He
He
He
He
He
He
3924.8
3976.9
4026.3
4109.3
4199.7
4343.5
4542.1
4686.1
4862.3
4930.4
4947.7
5290.2
5412.0
5665.2
5803.0
5814.2
6004.5
6037.2
6074.3
6117.8
6170.6
6200.7
6234.3
6311.7
6374.5
6406.9
6502.7
6528.1
6543.9
6563.2
6580.2
6683.3
6975.0
7219.8
3923.5
3970.1
4025.6
4101.7
0.29
0.22
0.62
II (11-4) 4199.8 0.68
Hy 4340.5 0.43
II (9-4) 4541.6 0.94
II (4-3) 4685.7 9.72
HP 4861.3 1.61
0.33
0.15
O VI 5291 0.90
II (7-4) 5412.0 1.74
0.14
CIV 5801.5 0.31
CIV 5812.1 0.12
11 (22-5) 6007 0.11
11 (21-5) 6036.7 0.11
11 (20-5) 6074.1 0.17
II (19-5) 6118.2 0.23
II (18-5) 6170.6 0.18
0.24
II (17-5) 6233.8 0.32
11 (16-5) 6310.8 0.30
Fe X 6374.5 0.52
II (15-5) 6406.3 0.43
0.42
He II 6527.9 0.60
1.1
Ha 6562.8 13.84
1.35
11 (13-5) 6683.2 0.75
0.73
3.00
Almost all emission absorbed in P Cygni
Almost all emission absorbed in P Cygni
Strong P Cygni Profile
Strong P Cygni Profile
Part of blend?
At edge of absorption band
P Cygni absorption present
Table 4.3: Lines observed in the deep spectrum of RXJ0019
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Figure 4-7: A fifteen minute observation of RXJ0019 made with the FAST spectrograph and the Mt.
Hopkins 1.5m telescope on 12 December 1994. Signatures of high velocity lines and P Cygni type
absorption are readily seen. The insets show enlargements of the He II 4686, H3, and Ha profiles
(left to right).
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Figure 4-8: Equivalent width of the H3 emission (bottom), P Cygni absorption (middle), and the
ratio of the two (top) as a function of the spectroscopic phase. The dots (triangles) represent
observations with (without) observed high velocity lines. H/3 lines are used because the absorption
trough is better defined.
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Figure 4-9: Velocity of the red outflow (top), Ha (middle), and blue outflow (bottom) emission as
a function of the spectroscopic phase. Ha lines are used because its outflow lines are stronger.
clear signature of the orbital periodicity appears; in particular, there is an absence of an observable
P Cygni profile from spectroscopic phase 0.8 to almost 1.0 (just after the white dwarf has passed
in front of the donor to the point of maximum recessional velocity). In addition, at epochs when
the outflow lines are present, the P Cygni absorption is deeper, the central line stronger, and the
ratios of these quantities better constrained. The orbital phase dependence accounts for much of
the hour-to-hour variation in the P Cygni profile noted above; however, the scatter in Figure 4-8
indicates there is still a significant random component to this absorption. We return to a discussion
and interpretation of the P Cygni profiles in Section 4.6.3.2.
A plot of the centroids of the Gaussian fits to the central and outflow lines as functions of orbital
phase (Figure 4-9) reveals that the radial velocity curves are all in phase with each other. Chi-
squared fits to these curves shows that all three lines are in phase with the HeII line to within the
statistical uncertainties (1.7o in the worst case). Very importantly, we find that the K amplitudes
of the Ha, red, and blue jet lines agree with the K-velocity of the HeII 4686 line to within 0.10,
2.0o, and 1.6o, respectively (see Table 4.4). Again, the presence of P Cygni absorption, and its
variability on time scales comparable to the orbital period (Figure 4-8), will introduce systematic
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Ha 7 7 - He II Phase K
Feature (km/s) (km/s) (km/s)
Red 757.98 ± 10.00 815.48 ± 10.00 0.787 ± 0.032 73.08 ± 14.5
Central -40.74 ± 7.22 16.76 ± 7.22 0.809 ± 0.033 48.92 ± 10.44
Blue -909.20 ± 14.88 -851.90 ± 14.88 0.775 ± 0.032 105.49 ± 20.72
He II 4686 57.5 ± 2.3 0.00 ± 0.00 0.750 ± 0.007 71.2 + 3.6
Table 4.4: Chi-squared fits to the velocity curves associated with the Ha emission features (see
Figure 4-9). Recall that the central and blue fits are somewhat corrupted by the P Cygni absorption
trough and its variability with orbital phase (Figure 4-8). The He II 4686 line results are included
for reference.
errors into the measurement of the centroids of the central and blue outflow lines. The red outflow
line, unaffected by P Cygni absorption, is in excellent agreement with the He II result. The line-fit
parameters are summarized in Table 4.4. A search for other periodicities in the Doppler curves
yielded only upper limits.
With regard to the outflow velocities we note that chi-squared fits to the central and jet lines
associated with Ha (Table 4.4), after correction for the systemic (gamma) velocity of -57.4 km s-1
velocity determined from the He II lines, yield mean velocities of 16.8 ± 7.2, -851.9 ± 14.9, and
815.5 ± 10.0 km s- 1 for Ha and its blue and red jet lines, respectively, where the error bars are
purely statistical. Given that the P Cygni absorption tends to shift the central line redward and the
blue outflow further blueward, effects not accounted for in the cited error bars, we conclude that
the inferred outflows are entirely consistent with being symmetrically placed about the central line
with a velocity of about 815 km s- 1
Finally, we note that the Ha central line and outflow lines are all broader than the spectral
resolution of the instrument. We measure an intrinsic width of about 300 km s- 1 for the jet lines.
Unfortunately, this is approximately the value of the instrumental resolution so we can not say much
about the intrinsic shape of these lines.
4.6 System Modeling
4.6.1 Summary of Spectral Information Used
In the previous section we presented an analysis of the phase-resolved spectra for RXJ0019 which
shows a rich range of phenomenology. In this section, we focus on four specific results of this spectral
analysis to deduce additional binary system parameters and to construct a simple kinematic model
for the inferred outflow of matter from the vicinity of the accretion disk. The spectral results that
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we utilize are listed below:
1. The Doppler velocity curves for HeII (4686), Ha, and the red and blue jet lines of Ha are
consistent with being in phase with each other and with having a common K amplitude
of 71.2 ± 3.6 km s- 1. HeII transitions are high excitation lines expected to be formed via
ionization in the inner disk, while the short-lived jet lines are presumed to originate from
bipolar outflows. The only reasonable interpretation for their common K-velocities is that it
reflects the binary motion of the compact object.
2. The red and blue outflow lines, when present, have mean projected velocities consistent with
815 km s- 1 , in opposite directions.
3. The intrinsic width of these outflow lines is .300 km s-1
4. P Cygni profiles are associated only with the Balmer lines, and are most pronounced on the
H/ and higher transitions. The strength of the P Cygni profiles varies systematically with
orbital phase.
In § 4.6.2 we utilize the first of these facts try to infer a number of the binary system parameters
for RXJ0019 which is essentially a single-line spectroscopic binary. In § 4.6.3 we construct a simple
kinematic model to account for the properties of the outflow implied by the jet lines.
4.6.2 Monte Carlo Constraints on the Inclination Angle
A key parameter relating physical models to observable quantities is the orbital inclination angle, i;
the angle between the view direction and the angular momentum axis of the binary. For example,
the determination of i means that, in conjunction with the binary mass function, a unique relation
between the two stellar masses can be determined. This would be very helpful in testing whether the
allowed ranges of donor star and white dwarf masses are consistent with the vdH model of NBWD.
To this end we derived a model-dependent Monte Carlo method of estimating the inclination
angle. Consider two stars in circular orbits with masses Mwd and Mdon, with orbital period P, and
the K velocity of the white dwarf. The mass function is given in terms of these quantities by:
Mdon sin3 i K 3 Pf(m) = Md2 2r- = 0.0248 ± 0.0038Me, (4.3)
Mdon
where we have made the assumption that the observed radial velocity in RXJ0019 in fact traces the
motion of the white dwarf, and that the measured K velocity of 71.2 ± 3.6 km s- 1 is the projected
orbital speed of the white dwarf. In advance of the Monte Carlo calculation, one can already see
103
CHAPTER 4. LONG-TERM OPTICAL SPECTROSCOPY OF RX J0019.8+2156
from the small value of the mass function that in order for the donor star to have a plausible mass,
either the inclination angle must be small, or the mass of the accretor must be large compared to
that of the donor.
To compute a first-cut probability distribution for inclination angles, we select, via a Monte Carlo
technique, the mass of the donor star and the mass of the white dwarf to be within the following
plausible ranges:
0.8 < Mdonor/MO < 3.0
0.6 < Mdl/Mo < 1.4,
(see also Chapter 5 for a more sophisticated analysis) For simplicity, we take the probability to be
uniform over these ranges. We also choose a value for f(m) with a Gaussian probability distribution
centered at 0.0248 Meand with a l width equal to 0.0038 Mo. For each pseudo-random selection
of these three parameters, a unique inclination angle, i, is determined from equation 4.3.
To this point we have not yet used any selection criteria based upon our belief that RXJ0019 is
a NBWD system. The most important of these are (i) that that the mass transfer rate lies in the
range 3 x 10- s  M 10- 6 MD yr - 1(roughly the region of steady nuclear burning as determined by
Nomoto [113] and Iben [70]); and (ii) that the Roche lobe of the donor star is larger than or equal
to the radius of a main sequence star of mass Mdon (this allows for the possibility that the donor
star has evolved off of the main sequence).
The effective Roche lobe radius, RL, is estimated (following Eggleton [35]) as:
0.49q2 /3
RL/a = 0.6q 3  n (1 + ql/3) 0 < (q = Mdon/Mwd) < 00 (4.4)
0.6q2/3 + In (1 + q1/3)
which can be determined from our selection of Mdon and Mwd. We make the following crude estimate
of the mass transfer rate as:
Me N (Mdono - Mwd) (4.5)
2TKH
(see, e.g., Rappaport, DiStefano, & Smith [129]), where TKH 3 is the Kelvin-Helmholtz or
thermal time scale. We utilize piecewise linear mass-radius and mass-luminosity relations for main
sequence stars that are based on plots produced by Kippenhahm & Weigert [80]. Our simulations
prove insensitive to small changes in these relationships.
The Monte Carlo sampling of the parameters was carried out 107 times and counting how many
systems would be included as NBWD. The results are shown in Figures 4-10 and 4-11 where I have
introduces a weighting factor, sin 2 i/ cos i, to account for the a priori probability of observing at
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Figure 4-10: Histogram of inclination angles calculated via a Monte Carlo method. In all, 107
systems were sampled and the results plotted in 0.10 bins. The results are weighted by sin2 i/ cos i.
The shaded histogram applies restrictions that would be relevant to NBWD systems, while the
unshaded has not been restricted by use of these criteria.
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Figure 4-11: The Mdon or, Mwd pairs which pass the NBWD criteria. The plane represents the full
selection region.
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this orbital inclination. If we presume that RXJ0019 contains a nuclear burning white dwarf, then
the inclination range is narrowly restricted to 140 < i < 22.50. However, in the case where we
do not make this assumption, the distribution is still quite peaked near values in this same region,
but with a longer tail toward inclination angles as large as 400. These results are predicated on
only two assumptions. First, that we have correctly interpreted the measured K velocity as a true
representation of the orbital motion of the white dwarf about the binary center of mass. Also that the
masses of the binary components are not extreme, e.g., a 1.5 MD donor star orbiting an 8 M® black
hole [29], or a highly evolved 0.5 ME donor orbiting a 1.3 M® white dwarf, both of which would
yield an inclination of almost 600. Finally we note that the range of inclination angles that we find
for the NBWD case corresponds to an a priori probability of 3-8% for randomly oriented systems.
However, there are only a few well studied close binary NBWD and this result is not too worrisome
in light of the low number statistics. Additionally, there may be a selection effect for NBWD which
makes them more detectable for small i.
4.6.3 Kinematic Model for the Outflow Lines
We now examine more closely at least one possible interpretation of the jet lines. In this study, we
interpret these lines as representing material flowing away from the accretion disk. A very simple
geometrical model is adopted for the outflow and we use it, in conjunction with our spectral results
(1) and (2) enumerated above, to constrain the geometry. We define a "spray" cone into which the
emitting atoms are released, all with speed v,. The cone is defined by a tilt angle, 0, (with respect
to the normal to the disk), an opening angle of half-width a, and an azimuthal angle, 0,. Note that
0, and q, refer to the symmetry axis of the spray. In some cases 0, may be fixed with respect to
the line joining the two stars, while in other circumstances (e.g., a precessing accretion disk) it may
vary with some period other than the orbital period. We take the tilt angle to be constant in time
for all cases of interest. We assume that there is a spray cone on each side of the accretion disk, and
its four defining parameters (v", O3, a, and 0,) are not necessarily the same as for the spray on the
other side of the disk. Material is assumed to come off uniformly (in solid angle) within the cone.
Note this model does not specify that this material originate from only the innermost part of the
accretion disk.
At least five effects contribute to the line profiles as a function of orbital phase. These include
the Doppler shifts projected along the line of sight due to (1) the velocity of the outflowing matter
along the symmetry axis of the spray cone; (2) the orbital motion of the accretion disk around the
donor star; (3) the orbital motion of matter in the accretion disk around the white dwarf; (4) the
different directions of atoms in the spray with respect to the axis of the cone; and (5) the scale
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height in which the gas continues to radiate. The first two of these tend to dominate the position of
the center of the line, while the next two tend to broaden the line and perhaps induce asymmetries.
The fifth factor will influence the ability to see binary motion in the velocities of the jet lines, and
this effect is considered in equations 4.21 through 4.23. We first examine how the centroids of the
lines vary with time around the orbit, under the assumption that the peak of the line is governed by
(1) and (2) only. We later discuss calculations of the full line profile which justify this assumption,
and indicate what limits can be placed on effects (3), (4), and (5) by studying the observed line
widths and the K-velocity of the jet lines.
With no loss of generality, consider a binary orbit lying in the xy plane with the observer located
in the zz plane at an inclination angle, i, with respect to the z axis. Let k, Vo, and V, be the
unit vector pointing from the observer to the binary, the orbital velocity of the white dwarf, and
the velocity of an atom moving along the spray axis (in a frame orbiting with the white dwarf),
respectively. In terms of their Cartesian coordinates, these vectors can be written as:
k= [-sin(i), 0, -cos(i)], (4.6)
Vo = vo [- sin(wt), cos(wt), 0], (4.7)
7, = v8 [sin(0,) cos(,), sin(0,) sin(,), cos( 8,)], (4.8)
where w is the Keplerian angular frequency of the binary. As noted above, the azimuthal angle 0, is
a function of time that may be periodic in the orbital frequency or not. With these definitions, one
can compute the observed Doppler velocity for the line centroids due to effects (1) and (2) above.
If we define VL, VR, and VB as the Doppler velocities for the central line, the red line, and the blue
line, respectively, we find:
VL = v, sin(i) sin(wt) - K sin(wt) (4.9)
V = K sin(wt) - v, sin(i) sin (08 ) cos (0,) - v, cos(i) cos(08,) (4.10)
VR = K sin(wt) - v8 sin(i) sin(08,) cos(') + v, cos(i) cos( 8,). (4.11)
where the prime on the variable 0, indicates that the red outflow may have a different azimuth than
that of the blue outflow, e.g., for a precessing accretion disk €' might equal 7r + ,, while for an
outflow tilted with respect to the binary axes, q5 might equal ¢,.
If we average the Doppler curves over a time long compared to the orbital period and long
compared to the time required for 0, to go through many cycles (e.g., a disk precession time), we
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find:
(VR,B) = v, cos(i) cos(0,). (4.12)
From this we conclude that the quantity
v, cos(i) cos(O,) = 815 km s- 1, (4.13)
which is the average velocity of both outflow lines after the systemic y velocity (derived from He II)
has been subtracted. Since we have shown that the outflow lines have Doppler velocity curves in
phase with the motion of the central line, we next subtracted the K velocity, as determined from the
He II line, as well as the best fit average velocity, from each of the three Doppler curves in Figure 4-9.
Effectively, this should isolate the middle terms in equations 4.10 and 4.11. We then fit a sine curve
to the residuals of this operation. The results are:
vS sin(i) sin(O,) = 1.8±14 and 34±21 km s - 1, (4.14)
for the red and blue outflow lines, respectively, where the fit was made to the data folded with the
orbital period, i.e., for the assumption that q, = wt+ constant. Again, we remind the reader that
the blue jet emission line is significantly affected by the presence of the P Cygni absorption profile.
From this we can set a limit on the inclination angle and the spray tilt angle by dividing equa-
tion 4.14 by 4.13 to obtain:
tan(i) tan(O,) < 0.02 and 0.07, (4.15)
for the red and blue outflow lines, respectively. If we now utilize an upper limit of -300 for the
orbital inclination angle (a result that I will show in Chapter 5, we can set a limit on the tilt angle
of the spray cone:
0, < 20 and 70, (4.16)
for the red and blue lines, respectively. From this we conclude simply that the outflows are essentially
perpendicular to the orbital plane of the binary.
4.6.3.1 Emission-line Profiles
We now return to the two effects mentioned above in the context of our simple kinematic model
which will tend to broaden the emission lines. Briefly, these are (1) the finite opening (half) angle,
a, of the spray, and (2) the orbital motion of matter in the accretion disk around the compact star.
We assume in these calculations the outflow emission line region is optically thin.
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To test the effect on the line width (and shape) of a finite opening angle to the spray, we adopted
a simple model wherein the spray cone has a uniform flux of emitting atoms per unit solid angle
over the entire cone. We then utilized equations (4.6) through (4.8) to integrate the contributions
over atoms moving in different directions within the spray. In equation (4.8); however, the vector
V, was generalized to be the velocity of any atom within the spray, and not just one moving along
the spray axis. Since we concluded in the preceding section that the spray cone axis is essentially
normal to the orbital plane, i.e., 0, = 0, equations (4.10) and (4.11) become:
VR,B = K sin(wt) - v, sin(i) sin(0) cos() ± v, cos(i) cos(0) (4.17)
where VB (+sign) and VR (-sign) are the Doppler velocities of a single atom in the spray whose
direction, given by 0 and q, is now with respect to the spray cone axis. In order to compute the
line profile due to the range of angles within the spray cone, one simply integrates the contributions
from all atoms with 0 < a (the half width of the opening angle), and 0 < 0 < 21r. Since the spray
axis is taken to be normal to the orbital plane, the first term only contains information about the
orbital-motion and is common to all the atoms. Thus, one needs to sum only the contributions from
the last two terms in equation (4.17) to find the line profile due to the finite opening angle of the
spray cone.
The results of such an integration are shown in Figure 4-12. The top panel in Figure 4-12
shows the expected line profile due to the finite opening angle, a, of the spray cone for a series
of a = {100, 15', ...500}. The bottom panel in the figure shows the line profiles in the top panel
convolved with a typical spectrometer resolution function, in this case taken to be a Gaussian with
a = 100 km s - 1 at Ha.
Inspection of Figure 4-12 reveals there is a potential wealth of information in the profiles of the
outflow lines. The extent of the asymmetry in the profile implies information about the opening
angle of the spray. Detection of a "plateau" in the profile indicates that the line-of-sight is directed
down the spray. The width of this plateau is determined by the difference between a and i. These
curves were created under the assumption that the sprays are perpendicular to the orbital plane of
the binary therefore there is no orbital phase dependence to the jet line profiles. However in the
general case where the cone is tilted into an orientation centered on 0, and 4,, the shape of the
profiles become a function orbital phase. Unfortunately, the instrumental resolution is inadequate
for the detection of such effects (see the lower panel of Figure 4-12). Observations of the outflow
lines with a high-resolution spectrograph would be extremely useful.
While we cannot do detailed diagnostics on the outflow line profiles as described above, we can
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Figure 4-12: Calculated profiles for a spray oriented perpendicular to the orbital plane and viewed
an an inclination of i = 250. The family of curves is indexed by the opening half-angle of the spray,
from 100 to 500 in 50 steps. The raw profiles (top panels) are convolved with a Gaussian (FWHM
235 km s-1) to simulate the effect of the instrumental resolution (bottom panel).
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Figure 4-13: Contours of the least square statistic (z7) as a function of opening half-angle and orbital
inclination.
perform a rough-cut analysis in an attempt to constrain the orbital inclination and opening angle.
Earlier we determined that the outflow lines have an intrinsic FWHM of 300 km s- 1. Now we assume
that the profile of the jets is a Gaussian and the width is constant with orbital phase (as would be
true in the case 0, = 0). This profile must then be convolved with a Gaussian with a = 100 km
s - 1 to represent the effects of the instrumental resolution. A grid of theoretical profiles like those
presented in Figure 4-12 are calculated for various values of the opening half-angle and the orbital
inclination, convolved with the same instrumental resolution, then renormalized such that the mode
of the distribution is unity. After the modes of the distributions are aligned, we calculate:
1 = -(Ti - S,)2  (4.18)
where T is the result of the theoretical profile and S the assumed profile of the outflow line. The
least-squared results (the 7j values) are plotted as a contour plot over the a-i plane in Figure 4-13.
For i = 25, the typical orbital inclination we have been considering in this chapter, the r = 4 contour
of Figure 4-13 limits the opening angle to lie between 25 and 35 degrees. Similarly, the Monte Carlo
calculations presented above (and a more refined study I will present in Chapter 5) indicate it is
likely that the orbital inclination angle is constrained to be 150 i 5 400, which implies that
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160 < a < 480 (using 77 = 4). Recall that this analysis is predicated on the idea that the true
outflow line profile is well-determined as a Gaussian. In fact, our data is of insufficient quality to
make this claim; nevertheless, the results are intriguing as estimators of the final answer and the
method is illustrative of the potential gains available with an improved data set.
We can also estimate the effects on the line profiles due to motion of the disk material orbiting
around the accreting compact star. The Keplerian velocity at radial distance r is
disk 1/2 = 1150 Mw 1/2 r-1/ 2 km s- 1, (4.19)
where r1o is the radial distance from the compact object (assumed to be a white dwarf) in units of
1010 cm. If the accretion disk lies in the orbital plane and the system is viewed from an inclination
angle, i, then the maximum Doppler velocity due to matter orbiting in the accretion disk in an
annulus at radius r is 1150 (Mwd/MO)1/2r -1/ 2 sin(i) km s - 1. However, from the summary of
spectral facts cited at the beginning of §6, we see that the maximum width of the Ha lines (central
and outflow lines) is only 300 km s - 1 . Therefore, we conclude that the regions of the accretion disk
contributing to the Ha emission are located at radial distances from the white dwarf
r > 2.6 x 1010 Mwd2 sin(i) 2 cm. (4.20)k M2 J sin(250)
Given that a white dwarf of 1 Me has a radius of -5 x 108 cm, the Ha emission region must be lie at
least -40 white dwarf radii from the compact star. This suggests that the 815 km s- 1 spray is not
produced near to the compact star, but rather emanates from a region further out in the disk. The
escape velocity from a 1 Me white dwarf is -7000 km s- 1, so that the observed projected outflow
speed of 815 km s- 1 again suggests that the ejection mechanism for the spray is unrelated to the
white dwarf - other than, perhaps, for the fact that it provides heating to the disk. Finally in
this regard, we note that the orbital inclination angle would have to be -830 in order for the spray
velocity to be approximately equal to the escape velocity from the white dwarf [93]. This seems to
be in severe contradiction with our inferred inclination angle of only -250
A final caveat in regard to possible broadening due to the Keplerian motion of the disk material
is in order. If the outflow originates very near the compact star, e.g., if the outflow were jet-like,
and the mechanism driving the outflow could remove the Keplerian motion of the inner disk from
the ejected matter, then perhaps the observed Doppler velocities would not have any broadening
due to the rotation of the disk material. In this case, our limit for the inner radius of the emission
line region given by equation (4.20) might not be valid.
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Lastly, we comment on the fact that both the red and blue outflow emission lines, when present,
always have the same (or nearly the same) intensity. If our interpretation of these lines as outflows
on both sides of the accretion disk is correct, this implies that the emission region must be far
enough from the disk so that the spray on either side is equally visible, even at the relatively small
inclination angles (e.g., i-250 ) that we find. On the other hand, the emission region cannot be so
far from the disk that the orbital Doppler effect that we clearly detect, would be washed out. Let
us elaborate more on these constraints. The latter requirement can be formalized as an upper limit
on the height, H, above the disk where the jet emission lines can originate, viz:
815 km s - 1
H < v,/w = wcos(i) (4.21)
w cos(i)
If much of the line emission were to originate further from the disk, then material from different
orbital phases would contribute to a demodulation of the orbital motion which we see clearly in the
data. We can also cast this limit in dimensionless form by dividing by as, the semimajor axis of the
compact star:
-< V = 11.5 tan(i). (4.22)
ax wax
For i _ 250, we find that H/ax < 5.4. The requirement that the emission region be far enough from
the disk so that an observer at a relatively small inclination angle can see both the red and the blue
outflows equally implies one of two things. The first of these is the obvious geometric constraint:
H RD (1+ q-l) 0.46f (1 + q-) (4.23)
-- > RD =(4.23)
a. ax sin(i) a sin(i) sin(i) (1 + q)1/ 3
where RD is the radius of the accretion disk, q is the mass ratio Mdon/Mwd, and f is the fraction of
the Roche lobe of the compact star that the accretion disk occupies. For typical system parameters
and i _ 250, we find that H/ax should be greater than > 1. The other possibility is that the emitted
matter simply moves laterally off the face of the disk with a speed that is the vector sum of its
Keplerian velocity around the compact star and the spray component parallel to the disk. This
requirement amounts to
[ d1/2 +vssin(a) w- 1  RD
or
1/2 sin(a) 71.2 x 0.46f (1 + q-) (4.24)
1150 cos(i) sin(i) (1 + q)1 /3
This latter inequality is easily satisfied for rlo = 2.5, ca = 300, and i = 250.
In summary, if the emitting region is no further from the accretion disk than -6ax, nor any closer
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than -lax, both the red and the blue emission lines should be equally visible while retaining the net
Doppler motion at the binary period, as we have observed. An alternative to the last requirement,
is simply that the matter have a velocity parallel to the disk that is sufficiently high to move it off
the disk before most of its emission takes place.
4.6.3.2 P Cygni Profiles
As shown in Figure 4-8 the strength of the P Cygni absorption varies with orbital phase. The
strength of the absorption feature is minimized at spectroscopic phases 0.8 to 1.0, when the central
line is moving from its rest wavelength position to its maximum displacement redward. If the P
Cygni trough is stationary, then the "spill" of line emission into the trough would be minimized at
this phase, yielding a stronger apparent P Cygni depth, but exactly the opposite is observed.
The nature and origins of the gas responsible for the P Cygni absorption remains a mystery. Our
original hypothesis was that the spray gas which generates the outflow lines would also provide the
P Cygni absorption. Unfortunately, this does not seem to be the case. Attempts to trace lines of
sight through the spray gas (assumed to originate the central point source) do not produce either
the observed phase or magnitude of the variations. Furthermore, although the P Cygni strength
is variable, they appear to be present in all the observing runs. By contrast, the outflow lines are
only present on some occasions, and do not vary in intensity with the orbital phase. Finally the
absorption cone must be distinctly asymmetric azimuthally while the outflow has been shown to be
closely aligned with the binary spin axis. Therefore, the very different behavior between the outflow
lines and P Cygni absorption features leads us to believe that they come from different physical
regions in the binary system.
4.7 Conclusions
1. We have made spectroscopic observations of RX J0019.8+2156 over a 2.5 year baseline and 14
observing runs. In the process we have collected over 180,000 seconds of data on the source.
2. Radial velocity studies of the HeII 4686A emission line produce a Doppler curve of v =
-(57.5±2.3) + (71.2±3.6) cos [ (t - r)] km s- , where r = 2448887.3819(46) and P =
Od. 6 6 0 4 7 9 5 (9 6 ). The resulting mass function is 0.0248 ± 0.0038 M®.
3. The period as determined from the radial velocity study is in agreement with the photometric
determined value. However, there is a 210 (4.7o- significance) phase discrepancy between the
phases determined with each method, assuming a circular binary orbit and accretion disk.
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4. The summed rest-frame spectrum shows extraordinary He II series emission. Most notably,
the n--5 transition series is visible, where n < 22. Such emission has never been observed in
any other celestial source.
5. Monte Carlo studies (both in this and the next chapter) indicate that if the system is to be
consistent with the measured mass function then 150 i g 400. Furthermore if the system
also has a mass ratio which is capable of driving high mass transfer rates (i.e., in the van
den Heuvel et al. model), then the orbital inclination angle is 150 " i g 300. However, this
inclination is hard to reconcile with the photometric data on this source which shows both
primary and secondary dips, creating problems for this model.
6. We discovered the existence of low-velocity bipolar jets in emission-line pairs on, at least, Ha,
H,3, and HeII 4686. These lines are transient, detectable only during the 12/94, 05/96, and
12/96 observing runs. After correcting for the gamma velocity of the system, these lines are
nearly symmetrical around the central line with a velocity of ±815 km s- .
7. The outflow lines are (roughly) in phase with the Doppler curve determined by the He II radial
velocity study. This information implies that the jets are oriented nearly perpendicular to the
orbital plane.
8. The profiles of the outflow lines potentially posses a great deal of information; however, limited
spectral resolution limits our conclusions. For the range of inclination angles 150 < i < 40 0 , the
opening half angle is likely to be 170 g a g 480. A high-dispersion spectrograph observation
would be very productive.
9. For both red and blue outflow lines to be observable at all orbital phases and also exhibit the
Doppler curve of the white dwarf, then the emission must originate from 1 5 a., 6, where
a, is the semimajor axis of the compact object.
10. We discovered that the strength of the P Cygni profiles is variable with orbital phase. Un-
fortunately, it is not clear precisely how the absorption system works at this time. However,
the absorption mechanism must be azimuthally asymmetric to produce the observed orbital
modulation. For this reason, and because of the transient nature of the outflow lines, it is
unlikely that the absorption and outflow emission are the result of the same outflows.
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Chapter 5
Simulations of Nuclear Burning
White Dwarf Systems
In Chapter 1 I discussed the basics of nuclear burning and the evolution of a binary
system undergoing mass transfer. In this chapter I will discuss these issues more com-
pletely in the context of two simulation codes. The first program models the process of
nuclear burning on the surface of a white dwarf. Using this code I explore the response
of the gas envelope on white dwarf to time varying accretion, showing that the system
cannot respond arbitrarily quickly.
The second code simulates the evolution of a prototypical NBWD system, where the
donor is initially more massive than the white dwarf. I show that the mass transfer
rates which result in supersoft sources can exist for a short time after the white dwarf
has become more massive than the donor. I also use this code to determine the likely
characteristics of RX J0019.8+2156
5.1 Nuclear Burning Simulations
5.1.1 Overview
As mentioned in the introduction to this thesis, codes which calculate nuclear burning on a white
dwarf surface have been developed since the 1960s [45, 46, 70, 86, 94, 147, 157]. Most were origi-
nally developed to explore nova explosions, highly degenerate detonations of accreted matter, which
typically occur for relatively low accretion rates (e.g., - 10- 9 M® yr-1).
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The majority of the nova simulations take a very detailed approach. Typically they divide up the
accreted hydrogen shell into more than 100 radial zones and solve a set of 4 coupled partial differential
equations, on a discrete spatial grid, as a function of time. While computational algorithms to solve
these equations are readily available, they can be extremely time consuming. A subset of these codes
are able to accurately follow the explosion process. Novae are hydrodynamic events, meaning that
the force pushing the matter outward is much stronger than the inward force of gravity of the white
dwarf. As a result mass accelerates outward on a dynamical time scale which can be extremely short
(e.g., seconds). Hydrodynamic calculations require the spatial and time resolution afforded by the
detailed approach to solving the equations of stellar structure.
Another approach to the study of nuclear burning on the surface of white dwarfs has been
developed. Instead of attempting to follow 100 zones as they evolve towards a flash, the model is
simplified such that only one (Paczyfiski) [118] or two (Jos6, Hernanz, and Isern, hereafter JHI)
[72] zones are utilized. Also, some of the physics, including the equation of state and the radiative
opacities, is approximated by utilizing simplified fitting formulae. In addition, each zone has a fixed
chemical composition (i.e., either pure helium of hydrogen). The models also utilize a plane parallel
atmosphere with a constant gravitational field. These codes are very fast, can be used to study the
long term behavior of the hydrogen envelope, and reproduce many of the basic properties of nuclear
burning on white dwarf surfaces. However, they are too crude to yield more than a qualitative
picture.
In this section I will discuss a code that I developed in conjunction with Jim Kiger, a senior thesis
student, and Prof. Rappaport. We adopt an approach that combines the best features of both the
complex and over-simplified models. We utilize a multizone computation where the number of zones
and their spacing is arbitrary, although we typically use 6 zones that are logarithmically spaced
in mass. Each zone is allowed to have arbitrary fractions of helium and hydrogen. We include an
option to vary the gravitational field with height which is equivalent to using mass shells of finite
radial extent. However, like the codes of Paczyfiski and JHI, we also utilize simplified equations of
state and radiative opacity relations.
Our approach combines computational speed and reasonable fidelity of results when compared
to more detailed calculations. The code runs sufficiently rapidly, when compared to the detailed
models, that more than 10,000 hydrogen flashes can be followed in an overnight run. Since the code
does not include any hydrodynamics, it cannot accurately follow the evolution through a violent
shell flash, e.g., a nova event. However, as the accretion rate increases and the burning becomes less
violent, it is possible to follow shell burning events with variable gravity.
In the next section, I will describe much of the physics which goes into the model, and then
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explain how the code iterates through a simulation step. Some of the features of the code (e.g., the
rezoning algorithm or the use of a two-dimensional Newton's method to calculate thermodynamic
variables) will not be discussed in detail since they are well covered in Jim Kiger's Senior Thesis.
The code, its testing, and some early results are also included in the Kiger thesis. [76].
5.1.2 Theory
5.1.2.1 Equations of Stellar Structure
This code is constructed from the basic equations of stellar structure: conservation of mass, hy-
drostatic equilibrium, conservation of energy, and energy transport. These equations typically have
two manifestations: one in which the independent variable is taken to be distance from the stellar
center (the Eulerian form), and one using the enclosed mass (the Lagrangian form). These forms are
physically equivalent, related by the first basic equation of stellar structure, conservation of mass:
dM= 4rrpr 2, (5.1)dr
where p is the density. The developed here code utilizes the Lagrangian form.
We impose the condition of hydrostatic equilibrium, that the net outward force exerted by
pressure gradients balances the force of gravity:
dP
dr -g(r)p (5.2a)
or in the Lagrangian framework using 5.1,
dP g(r) (5.2bdM 4rr2  (5.2
In these equations, g(r) is the local gravitational acceleration which can be allowed to vary with
radius or may be fixed to a constant value as in Paczyliski and JHI. In the limit of very thin burning
shells relative to the radius of the white dwarf, there is little difference in the two approaches.
Hydrostatic equilibrium is checked in each spatial zone during each time step. It is the assumption
of hydrostatic equilibrium which causes the code to produce unphysical results during hydrodynamic
events.
Also utilized in the calculation is conservation of energy. If c is the rate of energy generation per
unit mass from nuclear burning, T is the local temperature, L is the luminosity flowing through a
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radial shell at r, and s is the specific entropy, then:
d- = 4rpr2 ( - T (5.3a)
dr dt
or in Lagrangian form,
dL dsd =E- TdS (5.3b)dM dt
Equations 5.3a and 5.3b reflect the fact that the difference in energy flowing into and out of a zone
equals the difference between the energy production and heating of the stellar material in that zone.
Finally, the photons are transported through the envelope predominantly via radiative diffusion.
Defining K as the radiative opacity of the gas and a- as the Stefan-Boltzmann constant, then:
dT 3KpL(r)
dr 64ro-rT 3r 2  (5.4a)
and in Lagrangian form
dT 3KL(r)
dM 256.r2oT3 r4  (5.4b)
Note that radiative diffusion is not the only mechanism for transporting energy to the surface.
If a large temperature gradient exists, an instability can develop in which matter will begin to
convectively circulate between hot and cold regions of the envelope, transporting energy in the
process. In fact, under the right conditions this mechanism can be much more efficient than radiative
transport; however, in our surface nuclear burning calculations the conditions for convection are
unlikely to be present during all but the most violent parts of a flash.
5.1.2.2 Adaptations for Surface Burning
A review of the stellar structure equations shows that time enters explicitly only in the expression
for conservation of energy as the ds/dt term (equations 5.3a and 5.3b). However, in our problem
which involves mass transfer, the white dwarf accretes a steady stream of hydrogen, changing the
mass (and therefore pressure) explicitly with time. We define the column thickness as:
dM
dE = pdr. (5.5)
We then rewrite equation 5.2b, using the definition of E, and integrate outwards, through the mass
above the point being considered:
P = - g(r)d(r).
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But, as discussed above, E is a function of time. Taking a time derivative gives a second explicitly
time-dependent differential equation, and the first of the two basic equations governing the surface
burning code:
dP = dt g(r)d(r)) . (5.6)
The second fundamental equation for the burning problem is a reformulation of the equation for
conservation of energy. Rewriting equation 5.3b with the time derivative on the left-hand side, we
find:
ds E 1 dL
d- = T - dM (5.7)
We then utilize the expression for L(r) from equation 5.4b to find the derivative dL/dM as follows:
dL 2567r 2C d (T 3 r4 dT\ 16 d (T 3r2dT
dM 3 dM K dM 3r 2 dE dE '
Putting these equations together, one finds:
ds f 16- 1 d dT\ 3T 2  dT \2 T3 d2T 2T3 dT
- - - T - T + 1 ++ (5.8)
d T 3T [ 2  dE 2  rp dE
yielding the final form of the second surface burning equation.
We take the radiative opacity K as the sum of electron scattering and Kramer radiative opacities
for free-free absorption:
K = 0.2(1 + X) 1 + 2 x 1026(0.001 + Z) . (5.9)
This simple approximation to the radiative opacities captures the basic temperature and density
dependence over a wide range of these quantities.
5.1.2.3 Discrete Zones
As mentioned earlier, our calculations are done with a small number of spatial zones (usually six),
logarithmically spaced in mass. Most of the equations above can be converted to their finite difference
counterparts with minimal effort. Still, a few issues should be clarified, especially in the case of the
zones with large mass which are near the white dwarf.
The state variables (temperature, pressure, density, and entropy) are all calculated at the center
of each zone. Computations of the spatial derivatives in a particular zone depend not only on the
variables in that zone, but also the surrounding zones. The details of the procedure for computing
spatial derivatives are given in J. Kiger's thesis. Once the spatial derivatives on a finite grid have
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been carefully defined, the time derivative for entropy follows.
Regarding the differential for pressure equation (equation 5.6), the relevant mass is everything
above the point in question - including half of the mass in that zone. Since g(r) is independent of
time, the discrete form becomes:
dP, n-1ig (n) t
dt n g(ri)gi) + (5.10)i--1
where i is the label of an arbitrary zone and n is the number of the zone where the derivative is
being calculated.
The two coupled ordinary differential equations in time (5.8 and 5.10) are solved with a fourth
order Runge-Kutta integration scheme at each time step. This procedure requires the evaluation of
many of the state variables at intervening points. Again, these details are presented in the Kiger
thesis.
5.1.2.4 Additional Physics Inputs
Nuclear burning rates of both hydrogen and helium are computed in each spatial zone at each time
step. We consider three major energy production chains: the proton-proton (pp) chain, the CNO
cycle, and triple alpha (3a) reaction. As is customary, we define X, Y, and Z as the mass fraction of
hydrogen, helium, and metals (everything that is not hydrogen or helium), respectively. The energy
generation rates [27] are:
pp = (2.36 x 106)pX2T6 2/ 3 exp(-33.81T 1 / 3) ergs g-1 s-1, (5.11)
EcNO = (8 x 1027)pXXcNT- 2/3 exp(-152.31T61/ 3) ergs g- s-, (5.12)
and
C3a = (3.9 x 10l)p 2y 3 Ts 3 exp(-42.94T -1 ) ergs g-1 s-l, (5.13)
where Tn equals the temperature in units of 10" K, and XCN, the mass fraction of carbon and
nitrogen, is taken to be _ Z/3. As is well known, these rates are extremely sensitive functions of
temperature. The CNO cycle is the most important contributor to the energy generation in the
density and temperature range relevant to surface nuclear burning. Helium burning is typically
negligible, except during explosive helium events (helium flashes) which occur much less frequently
than do hydrogen flashes.
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The equation of state for the gas in the envelope is approximated as:
P = k pT + Kp5 /3  T , (5.14)
pH 3
where the mean molecular weight is p = 1+3X+o.5Y and K is a constant which depends on the
hydrogen mass fraction [= 3.12x1012 (1 + X)5 / 3 ]. Thus, for computational simplicity, the total
pressure is taken to be the sum of the ideal gas pressure, non-relativistic degeneracy pressure, and
radiation pressure. This expression has all the correct asymptotic behavior in the limits of high and
low temperature or density, and is typically accurate to better than 20% in the region of interest.
After some manipulation of the first law of thermodynamics, the specific entropy can similarly be
written in closed form:
4aT3  k T 5/ 2
s -+ In (5.15)
3p pH p
To my knowledge, it is not possible to combine equations 5.14 and 5.15 to yield an analytic expression
for density and temperature in terms of pressure and entropy; the later two quantities being the
physical parameters that result from integrating the stellar structure equations. We therefore utilize
a two-dimensional Newton's method algorithm to solve equations 5.14 and 5.15 numerically for p
and T given s and P.
5.1.3 Stepping Through The Code
The accretion rate, mass of the white dwarf, and initial values for the state variables in each shell
are input by the user. The radius of the white dwarf (and therefore the gravitational acceleration at
its surface) is calculated from the mass/radius relationship of Eggleton [36]. The envelope mass is
divided into logarithmically spaced zones. Typically each zone (moving inward through the envelope)
is three times more massive than the one just outside it. The time step is adaptive. The change in
each of the state variables from the previous step defines a new time scale:
t("* +1) = 0.016I(n) X - x(n) (5.16)
where X represents any of the state variables, and n is the number of the step. The shortest of these
time scales defines the step size for the next iteration.
For a single iteration of the code:
1. Calculate the initial temperatures and entropies for each zone from the corresponding densities
and pressures via a Newton's method algorithm.
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2. Calculate the appropriate time step. Find the new pressure and entropy from equations 5.8
and 5.10 using a fourth order Runge-Kutta integrator.
3. Find the new (p, T) pair (which are implied by the new (s, P) pair) via a two-dimensional
Newton's method.
4. Calculate the new compositions of each mass zone. The composition will change due to ac-
cretion of new material or nuclear burning. The metallicity of each zone is held fixed, with
any excesses dumped onto the white dwarf core. The hydrogen and helium mass fractions are
allowed to vary freely.
5. Rezone the envelope such that the mass in the zones are in correct proportion to each other.
The new masses and compositions are determined as linear combinations of the old zones.
This is necessary because the mass zones are no longer exactly logarithmically spaced due to
mass changes from accretion into the top zone and any helium burning that takes place.
6. Use the (p, P) pair to determine (s, T) via Newton's method since he rezoning requires small
changes in the state variables. The densities are known from the rezoning step, and the pressure
follows immediately.
7. Check that all state variables are self-consistent and the mass zones fit the prescribed require-
ments. Report any interesting parameters of the stellar envelope for the user (e.g., the effective
temperature). Go to step 2.
5.1.4 Results
5.1.4.1 Understanding One System
We are now in a position to explore a typical nuclear burning cycle with more detail than as described
in Chapter 1. Figure 5-1 is a segment of a simulation of pure hydrogen accretion onto a 1.0 M®
white dwarf. The option for variable gravity has been disabled for this calculation; this can be seen
in the log r panel (lowest right). Each successive zone has three times as much mass as the zone
above it.
It is convenient to view the results of our surface nuclear burning code in an eight-paneled plot
(e.g., Figure 5-1). The logM panel refers to the total mass (in grams) in each zone. When the
envelope is burning only hydrogen, these curves monotonically increase because the resulting helium
is allowed to remain in the envelope. During a helium flash, these curves drop precipitously. The
pressure is not shown as a separate plot since mass and pressure are closely related by equation 5.10.
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Figure 5-1: Hydrogen shell flashes on a 1.OM® white dwarf accreting pure hydrogen steadily at
1x 10- 9 Me yr- 1 . Gravity is not allowed to vary with implied shell thickness. We assume that no
mass is lost from the white dwarf during the shell flashes.
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The log T and log p panels show the values of these quantities (in "cgs" units) for each of the six
zones (the outermost zone is the coolest and least dense). The top panel on the left side, log L, gives
the total luminosity (in solar units) which is emitted by the photosphere. In conjunction with the
log r panel, one can calculate the effective temperature (Tsurf, top right) according to:
where o- is the Stefan-Boltzmann constant. The "X" panel denotes the mass fraction of hydrogen
in each zone. The helium mass fraction, Y, is approximately 1 - X. The final panel, J is a measure
of the degeneracy of the mass in each zone. We define the degeneracy using the equation of state
for a partially degenerate gas and solving for the Fermi integral. After inserting values for the
fundamental constants (in "cgs" units), one finds:
6 = 0.1105 P  (5.17)
tT3/2"
If S < 1 then the matter can be treated as an ideal gas; however, if S > 1 then the gas is significantly
degenerate and degeneracy pressure becomes dominant.
For the simulation in Figure 5-1 the temperature and density behave as advertised in the intro-
duction. After a hydrogen flash, the temperature initially decreases then starts to rebound slowly.
As the temperature begins to creep up, the energy generation starts to build ever faster. The ex-
tremely temperature sensitive CNO cycle (equation 5.12) runs away, raising the temperature and
lowering the density in the outer zones by an order of magnitude. The luminosity radiated by the
envelope jumps from 1034 to > 1037 ergs/s and the temperature increases from 100,000 to 650,000
K. The recurrence time of these flashes is -2000 years.
The mass fraction of hydrogen (X) takes on one of three characteristics. The top two zones
are almost completely hydrogen and the bottom two almost completely helium. Since the envelope
gas is undergoing only hydrogen burning (to helium), the total mass in each zone slowly increases
in time (due to he ongoing accretion). Eventually, the mass of helium would get large enough to
produce its own flash, under more degenerate conditions than that for hydrogen, and the resulting
metals would be removed to the core. The degeneracy builds to a maximum before the onset of the
flash, just as the temperature begins its rise.
The hydrogen flash takes place largely in the middle two zones of the gas layer. Examination of
the density panel shows that the zone nearest the white dwarf (top trace) is relatively unaffected by
the burst, showing only minor changes (except for 6) as the mass is heated from the event above
it. In this case, the majority of the bottom zone is helium which is not hot enough to burn via the
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triple alpha reaction. Examination of the composition plot shows that the upper two zones do not
participate much either. The very top zones do not have the requisite density or temperature to
burn hydrogen via either the pp chain or CNO cycle. Once the detonation occurs, the temperatures
in these zones do get high enough to allow some burning.
A very important caveat to the above discussion is that the shell flashes shown in Figure 5-1 are
likely to be hydrodynamic, and technically we should not attempt to follow the evolution through
the flashes. However, by fixing gravity, all hydrodynamic effects are artificially suppressed and the
bursts can be formally integrated through, even though we have no knowledge from our calculations
how much of the envelope mass would be ejected. The artificial suppression of the hydrodynamic
effects results from the fact that for a fixed gravity, the depth of the gravitational potential well is
formally infinite.
5.1.4.2 Increasing the Accretion Rate
The next simulation uses the same parameters as the previous run (Figure 5-1), except that the
accretion rate has been increased by a factor of 10 to 1x10- s Me yr - 1. The results are shown in
Figure 5-2 As one starts to increase the rate of mass transfer, the flashes become less degenerate,
the recurrence time drops, and the median temperatures of the shells over a cycle increase. This last
phenomenon results from (1) a higher rate of compressional heating, (2) less cooling time between
flashes, and (3) more nuclear burning between bursts because of the increased temperatures.
Eventually, the accretion rate becomes so high that the burning becomes continuous. Figure 5-
3 shows the shell burning behavior for a sequence of accretion rates. At the lowest rates, the
flashes would result in nova-like explosions, which would be quite hydrodynamic; they recur every
-500 years. As the rate increases to 7x 10-8 Me yr - ', the burst cycle becomes very rapid and less
hydrodynamic to the point where our code can follow them with variable gravity. Eventually, steady
burning takes over above 1x 10- 7 Me yr - 1
5.1.4.3 Variable Gravity
The next generalization in our code is to let the gravitational field vary with radial distance, a
feature we added after adapting a simpler version of the code from Paczyiski and JHI.
Figure 5-4 shows the results from a simulation with a moderate mass transfer rate, 2 x 10-8 Me
yr - 1 , onto a 1 Me white dwarf with variable gravity enabled. Following Iben, I plot the burning
cycle on a HR diagram (Figure 5-5). Time increases in a counter-clockwise direction, ten times
slower for the points indicated with crosses than for those indicated with triangles. The flash profile
is significantly different than during the constant gravity cases. First, enhanced burning commences.
126
CHAPTER 5. SIMULATIONS OF NUCLEAR BURNING WHITE DWARF SYSTEMS 127
I 6 -I
4 5.8
3 5.6
,3 -SoM
- 5.4
2
5.2
30.3
0.2
0.1
0
0
1
8 0.8
0.6
_5 7.5 0.4
0.2
0
29 9.2
9
28 1 8.8
o o
8.6
27
8.4
0 200 400 600
TIME (years)
- -
I I I I
0 200 400 600
TIME (years)
Figure 5-2: Hydrogen shell flashes on a 1.OM® white dwarf accreting pure hydrogen steadily at
1x10-8 M® yr- 1 . Gravity is not allowed to vary with radial distance.
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Figure 5-3: A sequence of hydrogen shell flashes on the surface of a 1.OM® white dwarf (constant
gravity) for different accretion rates.
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Figure 5-5: One hydrogen flash cycle from Figure 5-4 as plotted on a HR diagram. The time
increment between crosses is 18 days and 1.8 days between triangles. The dashed lines represent
constant radii which are separated by factors of 2.
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Figure 5-6: The transition from small bursts to steady nuclear burning on a 1.1 Me white dwarf.
The accretion rate is 8x10-8 Me yr - 1.
131
CHAPTER 5. SIMULATIONS OF NUCLEAR BURNING WHITE DWARF SYSTEMS
The radius remains nearly constant while L and T increase. Next, the radius begins to increase and
L and T temporarily fall in response to the envelope expansion. This drop only lasts for about a
week, after which T and L increase again. The radius begins to expand rapidly to its maximum
expansion with a constant luminosity (nearly the Eddington limit); accordingly the temperature
falls. This process is analogous to the formation of red giants when shell burning commences. The
radius eventually starts to drop back down to its original equilibrium value at a constant luminosity.
For this to happen, the temperature must increase. Just prior to the rapid contraction of the shell,
T and L are both at a maximum and the radius of the envelope is nearly double that of the white
dwarf itself. Finally, the shell cools and T drops.
Variable gravity allows an interesting study of the onset of steady burning. As the duty cycle of
bursting vs. quiescent approaches 50%, the system settles into an equilibrium as a luminous supersoft
source with L = 9.5x 1037 erg s- 1 and Tejf = 750,000 K (see Figures 5-3 and 5-6. Effectively the
burst never ends, by the time the system settles back into quiescence, it is ready to burst again.
Note that the radii of the zones also settle down such that the radius of the outermost zone is only
38% larger than that of the innermost zone. The rate of mass transfer at which steady burning is
achieved is a weak function of the white dwarf mass; however, the characteristic critical rate is - 107
M yr - 1
5.1.4.4 Oscillating Accretion Rate and Response Time
Finally, we allow the white dwarf to accrete matter in an arbitrary manner, as opposed to the
standard treatment which assumes a constant accretion rate. Doing so will allow us to study the
critical time scale on which the envelope can respond to changes in the accretion rate. The envelope
behaves in some ways as a low-pass filter in that high frequency variability in M is effectively
averaged out over the response time scale of the envelope.
We began these studies in 1997 May and our initial results were part of the Kiger thesis. In that
work, we employed a periodically varying accretion rate with log M, varying sinusoidally in time.
This work demonstrated that if the sine wave had a period longer than 100 years, the envelope could
respond quickly enough so that the burning behavior at any given time was very similar to what it
would have been if that particular value of M had remained constant throughout. The simulation
presented in Figure 5-7 illustrates this effect. The accretion rate has a mean M of 3x 10-8 M0
yr - 1 , but log M varies sinusoidally (by 0.7 in the logarithm, or factor of 5) with a period of 200
years. These accretion rates were chosen to lie near the steady nuclear burning boundaries such that
behavior changes would be more apparent. Figure 5-7 shows that when the accretion rate is near its
maximum, the nuclear burning is nearly steady. As the accretion rate drops, steady burning gives
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way to extremely weak bursts. These bursts get progressively further apart and stronger (although
weak enough that they can be followed with variable gravity) as the minimum accretion rate is
reached. The sequence reverses for the rise back to the maximum accretion rate. Note that during
times of high M the burning keeps the envelope hot while during low burning M periods the various
shells in the envelope are somewhat cooler.
When we tried a simulation in which the accretion rate onto a 1.2 Me white dwarf oscillated by
a factor of five about a value of 1 x 10- 7 Me yr-lwith a 10 year period, we found that the luminosity
showed a corresponding oscillation. However, the amplitude of that oscillation was only a factor
of 1.3, as compared to the factor of 25 for M itself. As the oscillation time scales were made still
shorter, the stellar envelope became less able to respond to the variations in M.
Additionally, I have generalized the form of the periodic accretion events onto the white dwarf.
The code can now utilize three additional types of varying accretion: rising ramps, falling ramps,
and a "square wave" with an arbitrary high-state duty cycle. The results obtained with these types
of varying accretion rates were very similar to those seen with the sinusoidal oscillations in that
the duration and violence of each flash decrease with increasing values for the instantaneous mass
transfer rate, including the onset of steady nuclear burning for the appropriate value of M. Again,
as for the sinusoidal case, as the period of the oscillation decreases, the envelope attempts to, but
cannot fully respond to changes in the accretion rate.
In addition to periodically varying accretion, I have also studied the response of white dwarf
envelopes to an impulsive mass accretion event. This amounts to changing M abruptly from a low
value to a higher value for a time r, and then reverting back to the lower M rate for the remainder
of the evolution. For example, we let the white dwarf envelope evolve for 1000 years at a low
accretion rate (e.g., 5x10 - 9 Me yr-'), let it increase to perhaps 3x10 - 7 M® for only 0.1 years,
and then follow the response of the star. All models are run with variable gravity enabled and,
therefore, I do not attempt to calculate events which are hydrodynamic. I arrange the time steps
such that a new step of only 10 seconds occurs precisely when the higher M rate is initiated. After
the initial iteration, the time step is allowed to evolve according to equation 5.16. By studying
the theoretical rise and fall times for the luminosity during episodes of "impulsive accretion" as a
function of the duration of the accretion event, one can try to interpret observed instances of SXS
turning on and off [74, 73, 143]. If the observed time scales for the fall or rise in X-ray luminosity
are significantly shorter than the theoretical response time calculated above, one then knows that
either one or more of our assumptions (e.g., that of hydrostatic equilibrium) has been violated, or
that the decrease (increase) in flux does not represent a decrease (increase) in luminosity (e.g., it
may reflect absorption in the gas surrounding the source).
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Figure 5-7: A 1.2 ME white dwarf accreting at rates that vary sinusoidally (in the logarithm of M)
with a period of 200 years.
134
I l llrl l l l I I I
-Ill"
- *1
I I I I
29
2 28.5
o
28
27.5
.. . . .1 1 1 1 1 1 I . . . . I . . . . I 1. . I 1 I '1 .. . . . I . . . I . . .I I . I . . . I . . . .I ' I '
: : : : : : : : : : : : : : : :
-
I
. I I I I I . I ,
~"t~.
I.... I . r
I I I
CHAPTER 5. SIMULATIONS OF NUCLEAR BURNING WHITE DWARF SYSTEMS
The flash in Figure 5-8 is the result of steady mass accretion at 5x 10- 9 MD yr - 1 for 1000 years,
followed by an increase in the rate to 1.28x 10- 6 MD yr-' for 0.02 years (7.3 days), for a total
accreted mass of 2.6x 10-8 M®. The stellar envelope was able to respond quickly, but the strength
of the envelope response is quite modest, representing only a 5% enhancement over the persistent
emission at the peak luminosity and it lags the accretion event. Again, the system was followed with
variable gravity.
The first response of the luminosity is to fall sharply just after the onset of the enhancement
(see inset in Figure 5-8). This dip, much like the dip in Figure 5-4, is the result of an expanding
envelope before the luminosity has a chance to respond. After the accretion ends, the luminosity
rebounds, reaching a peak almost 1.7 years after the the accretion episode began. I define this as the
rise time (onset-to-peak time) The compressional heating due to the high accretion rate exceeds the
cooling rate due to radiative diffusion. The added heat drives the nuclear burning processes faster,
resulting in a burst. But this process does not happen arbitrarily rapidly. Similarly, after the flash,
the cooling is not instantaneous, but rather the system cools to half of its peak value in roughly 8
years. I define the decay time as the time interval between the peak and the point at which the
luminosity has fallen to 1/2 its peak value.
I calculated a grid of such simulations for a range of enhancements in M and a range of "on
times" for the enhanced M. In each case, the system was "initialized" by accreting hydrogen onto
a 0.8 MD white dwarf at 5x10- 9 M® yr - 1 for 1000 years. At t = 1000 years, the accretion rate
was enhanced by a given factor (ranging from 2 to 256 in multiplicative steps of 2) for a certain
duration (0.02 to 2.56 years, again in multiplicative steps of 2). The evolution was terminated at
t = 1100 years. A quadratic function was fit to the luminosities for 950 < t < 998 years and the
result extrapolated to t = 1100 years. This persistent emission was then subtracted from the data,
leaving the burst profile. For each system, the rise time (the time of the peak luminosity less 1000
years), the flash strength (the ratio of the peak luminosity to the "continuum level" at the time of
the flash), and the decay time were tabulated and are presented as contour plots in Figures 5-9,
5-10, and 5-11. The evolution for five sets of parameters could not be followed because the resulting
bursts were hydrodynamic: (128, 1.28), (128, 2.56), (256, 0.64), (256, 1.28), and (256, 2.56) where
the first of the pair is the enhancement factor in M and the second is the duration of enhanced M
in years.
The luminosity enhancement rise times (Figure 5-9) are shortest for short impulse durations and
high mass accretion rates. At high mass transfer rates, compressional heating is more efficient and
can start the burning cycle faster. Shorter durations imply less accreted mass and weaker bursts.
It does not take as much time for these events to complete their cycle. However, an important
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Figure 5-8: The envelope response to an impulsive accretion event. Steady mass transfer of 5 x 10- 9
M0 yr - 1 onto a 0.8 M® white dwarf is enhanced by a factor of 256 for 0.02 years precisely at
t = 1000 years. The inset shows the detail of the envelope's rise to peak luminosity, which takes
significantly longer than the duration of the event.
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Figure 5-9: The rise time for the luminosity response to an impulsive accretion event on a 0.8 Me
white dwarf as a function of accretion rate in the high state and duration of the impulse. Contours
are labeled in years. Dashed contours are separated by 0.1 years, solid contours by 0.2 years.
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Figure 5-10: The ratio of the luminosity enhancement to the persistent emission level for impulsive
accretion on a 0.8 Me white dwarf. Contours are labeled and correspond to logarithmic steps of 0.5.
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Figure 5-11: The decay time for the luminosity response to the accretion impulse on a 0.8 Me white
dwarf as a function of accretion rate in the high state and duration of the impulse. Contours are
labeled in years. Dashed contours are separated by 0.2 years, solid contours by 1.0 years.
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Figure 5-12: The rise time for the luminosity response to an accretion impulse on a 1.1 Me white
dwarf as a function of accretion rate in the high state and duration of the impulse. Contours are
labeled in years. Dashed contours are separated by 0.1 years, solid contours by 0.2 years.
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conclusion is that for non-hydrodynamic bursts, it is very difficult to obtain rise times as short as
weeks or months, even for accretion episodes that are as short as seven days. Typically rise times
are greater than one year. Therefore, at least for a 0.8 MD white dwarf, supersoft x-ray sources
which undergo transient turn ons over a few days or weeks (e.g., [143, 153]) cannot be modeled with
a sudden enhancement (or turn off) of accretion rate.
I performed a similar calculation for a 1.1 MD white dwarf which I allowed to accrete at 3x 10- 9
M® yr - t for 500 years. At this point, an impulsive accretion event takes place. This scenario
was simulated for the same grid of durations and enhancement factors as for the 0.8 MD model.
The rise times are shown as contours in Figure 5-12. These are systematically shorter than for the
simulations presented in Figure 5-9; however, the response is still on the order of a year, even for
accretion impulses occurring on time scales of weeks.
The most notable feature about the strengths of the bursts (Figure 5-10) is that the logarithmi-
cally spaced contours are regularly spaced, roughly straight lines with a slope of - -1 in a log/log
plot. From Figure 5-10, it is clear that the flash strength is, predictably, proportional to the amount
of mass accreted during the impulse accretion, with the largest values obtained with long durations
and high accretion rates.
Finally, the contours of decay time (Figures 5-11) indicate how long it takes for the luminosity
to settle back to its equilibrium value following an impulsive accretion event. Typical decay times
are 4-8 years - much longer than the duration of the impulsive accretion event. The shape of these
decay-time contours mimics the strength contours, although their order is inverted. This is primarily
because the relatively strong flashes are very highly peaked, and, therefore, fall rapidly to the 1/2
their peak value. On the other hand, the extremely weak flashes are inefficient at radiating away
the flux and these decay times are accordingly longer.
These envelope response times are of particular importance considering the time variability of
RX J0513.9-6951 (hereafter RXJ0513), a close binary nuclear burning white dwarf in the LMC.
RXJ0513 shows very rapid changes in both its X-ray and optical light curves. The discovery paper
(Schaeidt, Hasinger, & Triimper [142]) notes that the the source brightened in X-rays by a factor
of 20 in only 10 days. Orio et al. [116] and Schaeidt [143] each independently monitor the source in
X-rays and find that RXJ0513 switches between on and off states in as short as 7 days. Additionally
RXJ0513 is serendipitously detected in one of the fields monitored by the MACHO collaboration. As
such an extraordinary optical light curve has been developed over the last three years [1]. These data
show 8 aperiodic optical low states which last for about one month, with transitions between the
optical high and low states of about 10 days. Southwell et al.[153] note that the optical dip precedes
the X-ray turn on by a matter of days. As such, they propose a model in which the white dwarf
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envelope collapses as a precursor to the nuclear burning event. However, under the assumptions
made in this section, it is unlikely the envelope could respond quickly enough to produced the
observed transitions. Southwell et al. note that hydrodynamic calculations show that this time scale
may be achieved for a white dwarf with a mass greater than 1.3 M [82].
5.2 Binary Evolution Code
5.2.1 Overview
In Chapter 1, I discussed the basic ideas of the van den Heuvel et al. model for SXS, which includes
a mechanism for transferring mass at very high rates if the donor star is more massive than the
white dwarf (i.e., q > 1). In fact, the condition for high mass transfer rates is more complex than
this simple requirement. Angular momentum losses and the thermal relaxation for a distended star
allow for the possibility that steady nuclear burning may continue for a short time after the white
dwarf has become more massive than the donor.
I have written a computer code which starts with a donor star and a white dwarf just as the
donor fills its Roche lobe for the first time. The evolution of the orbital periods, masses, radius of
the donor, mass transfer rate, and other properties of the binary pair are followed for the remainder
of the system's lifetime. In this way one can study the properties of NBWD progenitors and specify
what their likely end states will be. Parts of my binary evolution code have been adopted from the
prescription of L. Nelson (private communication, 1997).
5.2.2 Theory
Assume that a donor star and a white dwarf, with masses Mdon and Mwd, are in circular orbits
about their center of mass. Then the orbital angular momentum is given by:
Jorb = G1/2MwdMdon M 1/2 a/2 , (5.18)
where MT is the total mass and a is the orbital separation of the stars. To determine how a change
in one of these quantities affects the others, one takes the logarithmic derivative of equation 5.18:
6J SM d 6Mdon 1 Sa 1 SMT
+J - + 1 (5.19)
J Mwd Mdon 2 a 2 MT
However, the change in mass of the white dwarf and the donor star are related quantities. Certainly
in conservative mass transfer, in which mass lost by the donor is accreted by the white dwarf,
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SMwd = -Mdon. I make the following definitions to simplify equation 5.19:
SMwd = -/3 Mdon Mdon = q Mwd, (5.20)
where q is the mass ratio introduced in Chapter 1, and 3 is the mass capture fraction. Combining
equations 5.19 and 5.20 one obtains:
6J [q~ (1 - /) SMdon 1 Sa[= 1--q3 - - + (5.21)
J 2 (1 + q) Mdon 2 a
There is considerable physics implicit in each of the logarithmic derivative terms that needs to be
explored further. The next step is to make a few physical assumptions concerning these derivatives,
and isolate terms involving mass loss from those that do not.
5.2.2.1 The Effects of Mass Loss
The first assumption is that mass transfer is occurs via Roche lobe overflow. For this to happen,
the radius of the donor must be equal to the effective radius of the Roche lobe:
Rdon - RL = f(q)a, (5.22)
where f(q) is a function of q that relates the Roche lobe radius to the separation (see equation 1.3).
Again, taking a logarithmic derivative, then plugging back into equation 5.21, one obtains:
J ( _ q (1 - 3) (1 + q) dnf Mdon 1Rdon5.23)) 1Mdq -+ (5.23)J 2 (1+ q) 2 d n q Mdon 2 Rdon
P. Eggleton has determined an accurate, analytic approximation for f(q) [35] for virtually any value
of q which I will employ in future calculations:
f(q) = (5.24)
0.6q 2/3 + In(1 + q1/ 3 )'
implying:
dlnf 2 In(1 + q13) 0.51/5
1+q'73 . (5.25)d Inq 3 0.6q2/3 + ln(1 + q/ 3)
Both JRdon and 6J in equation 5.23 depend, in part, on mass loss. Consider the radius first,
which can change via three mechanisms. First, as the star evolves, the equations of stellar structure
drive the star toward a new radius. Second, if the star is out of thermal equilibrium, it will try
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to restore its radius to the equilibrium value on a thermal time scale. Finally, if mass is removed
from the donor, then the star will adjust its radius adiabatically (i.e., with no net loss of energy) to
its new equilibrium value on a dynamical time scale, in accord with the stellar structure equations.
When these effects are combined, we obtain the net result:
(Rdon SRdon Rdon don(5.26)
Rdo =) ( Rdon e + t Rdon ) +  Rdon ) ad
The first two terms do not depend explicitly on changes in mass; they will be discussed in the next
section. Following Rappaport, Joss, and Webbink [132] I define the adiabatic response of the radius
to mass loss, ad, as:
(SRdon S Mdon (5.27)
adon  Mdon
The value of ad depends on the evolutionary state of the star in question.
For main sequence stars with masses 0.7 g Mdon S 1.5 M®, detailed evolution calculations show
that removing mass causes the radius to shrink. However for a giant star1 , the same type of evolution
calculations show that mass loss can lead to rapid stellar expansion (Nelson, private communication
1997; [68]). If mass is removed from the surface of a radiative star, then high-entropy mass is lost
from the system. For the star to return to equilibrium, its entropy profile must be redeveloped,
which happens on a thermal time scale. However a convective star does not have this problem;
convective mixing yields a nearly flat entropy profile. Therefore the star can respond much faster.
Di Stefano et al. [127] parameterized ad with respect to core mass (Me) and found the following
result based on their detailed evolution studies with mass loss using a Henyey-type code:
dad = [_ (Me)] , (5.28)
where ( = 4.0 and M1 = 0.2 M® are fitting parameters.
Similarly, there are three angular momentum loss mechanisms that we consider: gravitational
radiation, magnetic braking, and mass loss. One can write down the net angular momentum loss
rate, involving all of these:
( ) + b (5.29)
I will postpone the discussion of the first two terms except to say they are nearly independent of
mass loss, and can be isolated on the side of the equation with the other explicitly time-dependent
1For the remainder of this chapter I will use "giant" to refer to both giants and subgiants.
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terms. The origin of the final term is easily understood - if mass is ejected from the binary system,
it carries angular momentum away at the expense of the orbit. I assume that the mass at the time
of ejection has roughly the same specific angular momentum as does the white dwarf, onto which it
was trying to accrete. Mathematically this angular momentum loss is expressed as :
JJ) JMTVwdawd q2 (1 - )3) 6Mdo0  (5.30)
=m PIKa2  (1 + q) Mdon
where p is the reduced mass and ~K is the orbital frequency.
Combining equations 5.23, 5.26, 5.27, 5.29, and 5.30, then reshuffling terms, we obtain:
J 2 J (Rd (Rondon
2 gr jmb Rd ev Rdon th
J(1 - ) d n f sM
2 - 2q# (1- (q + 2q2)(1 + )nf ad odn (5.31)(1 + q) d In q Mdon
where all the explicitly time-dependent terms have been collected on the left hand side, while all the
terms dependent explicitly on mass loss appear on the right hand side. Often times the bracketed
term of equation 5.31 is considered in its own right as the "denominator" or simply D. If ) < 0 then
the mass transfer will be unstable, and the evolution can not be followed with the type of quasi-
equilibrium code we are using. Qualitatively the instability arises for D < 0 because the transfer of
mass leaves the Roche lobe deeper inside the donor rather than leading to a separation of the Roche
lobe from the donor.
5.2.2.2 Drivers of Mass Transfer
Taken as a whole, the terms on the left hand side of equation 5.31 are referred to as the numerator,
or "". The time scale for mass transfer is governed by the terms in X which drive mass transfer.
The denominator, ), determines if the mass-transfer process is stable, and only affects the time scale
for the transfer by factors of order unity. Here we discuss each of the four terms in the numerator.
Gravitational radiation arises from a mass distribution with a time varying quadrupole moment,
such as a pair of stars orbiting each other. For such a simple geometry, the rate of angular momentum
loss is given by the Einstein quadrupole radiation formula:
(sJ 32 GS/3 MwdMdaon
J - 32( 4 7r2) 4 / 3  dd ,t (5.32)
S, 5 c5 M P/3
where P is the orbital period [89]. For the systems we will consider, with periods typically larger
than 10 hours, gravitational radiation alone drives mass transfer too slowly to have any significant
143
CHAPTER 5. SIMULATIONS OF NUCLEAR BURNING WHITE DWARF SYSTEMS
effect.
The effects of magnetic braking are less well determined. If the donor star possesses a stellar
wind and no magnetic field, then that mass would simply leave the system with the specific angular
momentum of the donor star. However, most stars have some magnetic field and the interaction of
the field lines with the ejected matter increases the effective "lever arm" and, therefore, the amount
of specific angular momentum carried off by the stellar wind. Thus a small amount of mass loss can,
in principle, extract a significant amount of angular momentum from the rotation of the star. If
tidal interactions between the donor and companion keep the donor star co-rotating with the orbit,
then magnetic braking can result in angular momentum losses from the orbit.
Skumanich [148] and Smith [150] independently determined a rotation rate/age relation for iso-
lated stars, mostly with masses about 1 M®, in clusters of various age. From this relation an
empirical magnetic braking torque was inferred. This formed the basis for a braking law, where the
breaking index y is proportional to the change of the rotation rate. Verbunt & Zwaan [170] applied
this to binary systems as a way to drive angular momentum loss. I use a slightly modified version
of this braking law as given by Rappaport et al. [131]:
L = -1.73x10- 2 7 fmb R(Rd/ R 3  6t (5.33)
J mb G2/ 3MwdPl0/ 3
where y is the parameterized magnetic breaking index (typically 7 = 4), fmb is a multiplicative
constant of order unity, and "cgs units" are used. In the process of applying magnetic braking to
binaries, a number of liberties were taken applying the results of Skumanich and Smith. The use
of the magnetic braking law in binaries extends to shorter periods and different masses for stars
than in the original data.The parameter 7 is used in place of any real knowledge of how the braking
depends on stellar radius since most of the stars used to develop the original relation were G stars
with more or less the same radius.
The expansion of the donor star on a thermal time scale to its equilibrium radius is the most
important term for driving mass transfer in the NBWD paradigm. The radius of the donor star was
set equal to the radius of the Roche lobe (equation 5.24) in the derivation of D. The equilibrium
radius, Req, is the radius the star would have if it were in thermal equilibrium given its total mass
and core mass. However, if the star has an equilibrium entropy profile that increases outward
(i.e., for mostly radiative stars), and the higher entropy material has been lost in mass transfer, it
requires a thermal time scale for the star to expand to its equilibrium radius. This implies that the
radius adjustment occurs on a thermal (or Kelvin-Helmholtz) time scale; so we adopt the following
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approximate relation for the thermal readjustment of the stellar radius of the donor:
(JRdon Rdon - Req , (5.34)
Rdon J eq RdonKH
where
3GM 2 1.5x1 Mdon 2 Rdon - 1 (Ldo
KH 7RL M - - O R L yrs. (5.35)
Note that for a main-sequence star like the sun, the thermal time scale is on the order of 107 years,
which would yield mass transfer rates that are starting to approach those which allow steady burning.
For giant stars, this time scale is even shorter; however, ad is smaller and possibly of opposite sign
(equation 5.28) so that such mass transfer may be dynamically unstable.
The change in equilibrium radius due to nuclear evolution is negligible for driving mass transfer
in the case of main sequence stars with M g 3 M®, over the time scales we are considering; however,
it can play a role for the giants. The equilibrium radius is given by:
4950M 4 5  M 0.85
Req 4M) 0.85 M + 0.8 Giant Star
S (1+4M) Me0.5 (5.36)
Re 0.85 Main Seq. Star
where the equation for the radius of a giant star is adapted from Rappaport et al. [133], and M,
is expressed in solar units. For giants, the mass of the core can change significantly during the
evolution time we consider, and so does the equilibrium radius. The nuclear evolution term in .A
can be calculated from equation 5.36:
Rdn+ _ Req) 4.5 16MI 6M~ Giant Star
-(1+4M,)J Mc (5.37)
Rdon ev Req 0 Main Seq. Star
Finally, we give here an approximate analytic fitting formula for the luminosity of low mass stars
on the main sequence and red giant branch:
2x10 5(Mc/Me)6 +2 Giant Star
Ldon 1+2 5(M./M®)4 +3(Mo/MO) +2M(
-- 4 (5.38)
Le 0.7 (on) Main Seq. StarMO
where we have adapted the result of Eggleton [36].
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5.2.2.3 Other Details
The mass capture fraction, 3, is a critical parameter for the evolution, playing an important role
in determining the behavior of D in equation 5.31, and ultimately for the formation of type Ia
supernovae by regulating how much mass is actually accreted onto the white dwarf. Because of the
large time steps utilized in the binary evolution code the details of the nuclear burning behavior
(e.g., bursting or steady burning) are averaged out. As seen in section 5.1, shell flashes at low
accretion rates are very violent, and likely expel all of the accreted matter (and perhaps a bit more).
As the system comes closer to steady burning, more of the mass is retained by the white dwarf. For
very high mass transfer rates, the burning envelope tends to expand so that the photospheric radius
can be several times that of the white dwarf, and may even exceed the Roche lobe radius of the
white dwarf, thereby expelling matter from the system. The value of 3 should reflect these effects
for different mass transfer rates. I create an"ad hoc" prescription for 3 as a function of the mass
loss rate from the donor star, Mdon, the form of which was adapted from Nelson et al.:
don M < Mm
Mmn
= 1 Mmin < M < Mma (5.39)
m M > Mmax
Mdon
where Mmin and Mma, are the lower and upper limits of the so called "steady burning" region.
Iben [70] has parameterized Mmin as:
Mmin = 1.32x10 - 7 Mwd ME yr - 1,
and Nomoto [113] does the same for Mmax:
Mmin = 8.5x 10 7 (Md - 0.52) Me yr-'
Prialnik & Kovetz [124] have performed hydrodynamic calculations which show that the fraction of
accreted mass which is retained by the white dwarf after a nova outburst approaches zero or, in the
case of cool underlying white dwarfs, actually attains negative values for accretion rates less than
10-8 ME yr - 1. The prescription of equation 5.39 qualitatively preserves the general behavior of
the calculated capture fraction as the accretion rate and white dwarf mass change throughout the
lifetime of the system, except that possible negative values of 3 are not allowed.
The orbital period of the binary is evolved in the following way. The period at any moment is
determined by the orbital angular momentum and the masses of each star in a variant of Kepler's
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law:
27r J3 MT
P=
G2 M3o M! d
The logarithmic derivative of the orbital period follows:
=3 +3 + Mo[3q_. 3+ (1- 3 + (q + 3q2) (5.40)
P - J  J g Mdon (1+ q)
where q and / are taken to be defined an in equation 5.20. The very last term in the brackets results
from angular momentum losses due to mass lost from the system.
The final ingredient we need to carry out the binary evolution calculation, i.e., to solve equa-
tion 5.31, is the nuclear evolution of the core mass of the giant. This provides the essential infor-
mation to compute the following terms: (6R.' in equation 5.31, Req in equation 5.34, and M,
in equations 5.36, 5.37, and 5.38. The nuclear evolution of the core is straight forward to compute
since in a red giant the luminosity is generated from nuclear burning in a thin shell surrounding a
helium core, and therefore the change in core mass is directly proportional to the burning rate in
the surrounding shell. In the low-mass red giants we are considering, the energy is generated via
the pp chain and Lnu = 6x 1018 XMc ergs s- 1. This implies:
Me= e /14a01 Ldo 0 X-1
e c = 1.47x10- Me yr-. (5.41)
Equations 5.38 and 5.41 from a closed set that allow Mc to be evolved forward in time.
5.2.3 Mechanics of the Code
The basic structure of the binary evolution code is that of a simple integrator, following the changes
in orbital period (equation 5.40), radius of the donor (equations 5.34 and 5.37), and the donor, white
dwarf and core masses (equations 5.31, 5.20, and 5.41). Below I describe the basic processing in one
evolutionary time step.
1. Input initial values of the three masses which define the system (the total and core masses
of the donor, and the white dwarf mass) and a flag indicating whether to treat the donor as
either a main sequence or giant star. From here the donor radius, initial orbital separation,
and orbital period are determined given that the donor star fills its Roche lobe. I choose a
very short initial time step, and allow the code to adjust it so that the various parameters
never change by more than 1%.
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2. Compute the terms in the numerator, N (see equation 5.31). The radius of the donor is set
equal to the Roche lobe radius at this separation. The equilibrium radius and luminosity of
the donor are calculated from the donor mass and core mass, as is the donor luminosity. This
determines all of the driver terms. In the process one calculates SJ and SR.
3. Compute the denominator, D. Then S Mdon/Mdon = /D and SMwd = -JMdon.
4. Increment the masses, radii, orbital separation, and time, based on the changes in the values
calculated above. Save the old values.
5. Determine the next time step based on the change in the values of the radius, separation, and
masses in this time step. Use the most rapidly varying parameter as the one regulating the
evolution. The parameters are required to change by less than 1% per step.
6. Determine if any of the stopping conditions have been met. If so, stop the code. If not go back
to step two. I stop the code if:
(a) the mass of the white dwarf exceeds (Mwd > 1.4 M®), i.e., a type Ia supernova ensues.
(b) the donor mass becomes too small (Mdon < 0.1 M®),
(c) the donor is almost completely stripped of its envelope ([Mdon - Me] < 0.05 M®),
(d) the mass transfer becomes unstable (D < 0), or,
(e) the system is older than the age of the universe (t > 2 x 1010 years).
5.2.4 Results
5.2.4.1 A Typical Evolution
Consider a 1.8 Me star (initially with zero core mass) in a binary system with a 1.0 M® white dwarf
- the prototypical NBWD system in the model of van den Heuvel et al.. Figure 5-13 presents the
binary evolution in a series of six panels which I will briefly explain before we consider the results
of this evolution. The "Denominator" panel (top left) follows the value of D (the bracketed term in
equation 5.31 as defined above). The evolution will be stable as long as D > 0 and NA > 0. Working
down the first column, the "Radius" panel contains two traces. The solid line reflects the actual
radius of the star, Rdon, which is defined to be equal to the radius of the Roche lobe. The dashed
line (upper curve) is Req, the radius the donor would have in thermal equilibrium given its total
mass and core mass. The "Mass" panel also has two traces; the solid line is the mass of the donor
and the dashed is the mass of the white dwarf. The "Time scales" panel (top right) shows the values
of R/R (solid trace) and J/J (dashed trace) from the numerator. Working downward, the "Period"
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panel is simply the orbital period in units of hours. Finally the "M" panel shows the mass loss rate
from the donor star (solid trace) and mass transfer rate onto the white dwarf (dashed trace). Note
that the ratio of these values is # as defined in equation 5.20. The dotted curves are the upper and
lower limits of the steady burning region which are used when computing f.
Now we are is in a position to understand the evolution presented in Figure 5-13. We start
the evolution just as the donor star comes into Roche lobe contact for the first time - as such
Rdon - Req = Rlobe. Because there is no difference between the equilibrium and donor radii, the
(R/R)th time scale is very long and the system starts to transfer mass driven solely by angular
momentum losses (primarily magnetic braking). Because the donor is more massive than the white
dwarf, the mass transfer acts to shrink the separation (see the Porb panel and equation 5.31) and the
Roche lobe shrinks accordingly (equation 5.22). This process continues for about 106 years, slowly
creating a significant deficit between the equilibrium radius and the actual radius; consequently, the
donor begins to expand and transfer mass more rapidly which, in turn, shrinks the system further.
With the increase in mass transfer rates, the white dwarf is able to retain more of the mass it
accretes because the nuclear burning moves closer to the steady burning region and the bursting
behavior is less violent. In short order, the mass transfer enters the steady burning range as the
orbital period reaches 12 hours - at this point the system would be detected as a supersoft X-ray
source (NBWD).
However, this state of steady burning lasts only a relatively short time (e.g., -3x106 years).
Eventually the mass of the white dwarf exceeds that of the donor (i.e., q < 1) and mass transfer
acts to separate the binary. Even though q < 1, the radius of the donor star can still be much
smaller than its equilibrium radius and it can continue to drive mass transfer at or just below the
steady burning limit for a while longer. The radius of the donor returns to its equilibrium value
in about 108 years, and the system continues to transfer mass at a much lower rate driven only
by angular momentum losses. The system will continue to evolve slowly with time, with the orbit
slowly expanding and M dropping dramatically at ages comparable with a Hubble time.
Consider for a moment the long-term binary evolution of SXS in the context of type Ia supernovae.
These are thought to occur when a carbon-oxygen white dwarf accretes mass to the point where
it exceeds the Chandrasekhar limiting mass. Two basic possibilities for this occurrence have been
discussed: (1) controlled accretion as could occur in SXS, or (2) the rapid merger of a binary pair of
white dwarfs. A number of workers have also considered the sub-Chandrasekhar explosion of a white
dwarf triggered by the detonation of a thick (0.1-0.2 M®) shell of helium. Here I follow the work of
Di Stefano et al. [127]. While the overall binary system can persist for more than ten billion years,
most of the interesting evolution (e.g., mass accreted and retained by the white dwarf) occurs over a
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Figure 5-13: Binary evolution of a 1.8 Me donor star and a 1.0 Me white dwarf.
150
CHAPTER 5. SIMULATIONS OF NUCLEAR BURNING WHITE DWARF SYSTEMS
-6
-6.5
a,
-7
-7.5
-8
-8.5
0.8 1 1.2 1.4
WD Mass (M.)
Figure 5-14: A sequence of evolutions of giant stars with initial masses 1.2, 1.4, 1.6, 1.8, 2.0, and
2.1 MD (bottom to top) in a binary system with a white dwarf of initial mass 0.8 Me. The steady
nuclear burning limits are shown as dashed lines.
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relatively short time (1-10 million years; see Figure 5-13). I explore how much the white dwarf mass
can increase during the course of the binary evolution as a function of the initial mass of the giant
star (donor). The results are shown in Figure 5-14. The prescription for the mass capture fraction 3
(equation 5.39) implies that little mass is retained by the white dwarf, unless it is accreting in or near
the steady burning region. For a white dwarf with an initial mass of 0.8 Me, donor masses lower
than 1.2 Me are not able to generate a sufficiently high mass transfer rate to significantly increase
the white dwarf mass. As seen in Figure 5-14, as the donor star masses approach 2.1 Me, the larger
mass transfer rates change the white dwarf mass such that it approaches, but never quite equals, the
critical Chandrasekhar mass. We find that numerical instabilities begin to appear near the onset of
mass transfer for donor stars Z 0.21 Me . It is not clear how to deal with these instabilities; however,
if the unstable region is simply integrated through, then indeed sufficient mass may be accumulated
by the white dwarf to result in a type Ia supernova. For Mdon , 2 Me, the denominator, ),
temporarily approaches (but never reaches) negative values. As the initial mass ratio of the donor
to the white dwarf is increased, D gets smaller and becomes negative. For these initial mass ratios,
the system is unstable and we can no longer accurately follow the evolution via our formalism. As
such, the region of parameter space which can produce type Ia supernovae is uncertain for high
donor masses. Research as to how to follow systems when D < 0 is actively ongoing.
5.2.5 Applying the Evolution Code to RX J0019.8+2156
Recall the physical picture for RXJ0019 for that was developed in Chapter 4. I presented radial
velocity data which implied a K velocity of 71.2 ± 3.6 km s- 1 for the white dwarf and a period
of 15.85151 ± 0.00024 hours. The extremely large ratio of HeII (4686) to H3, as well as the rich
structure of other He II lines (see Figures 4-5 and 4-6), strongly suggests that these lines all originate
in or near an accretion disk in RXJ0019. The fact that the Doppler curves for HeII (4686), Ha, and
the red and blue satellite lines of Ha are all in phase and have a common K amplitude (Table 4.4),
in spite of the fact that they almost certainly arise from different physical locations, leads us to
believe that the measured K velocity is a direct measure of the mean motion of the accretion disk
about the binary center of mass, or equivalently, a measure of the K velocity of the accreting star
at its center. As a working hypothesis, we also assume that the accreting star is, in fact, a white
dwarf for purposes of relating our results to the van den Heuvel et al. model and for developing the
Monte Carlo analysis of the system parameters.
If we now combine the K velocity of the white dwarf and the orbital period we find the following
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mass function:
Mdon sin 3 i K3P
f(m) + 2 =- 2rG = 0.0248 + 0.0038M®, (5.42)
Mdon
The information provided by the mass function alone is obviously limited. Nonetheless as I mentioned
in Chapter 4, the small value of f(m) implies that either the inclination angle must be small, or the
mass of the accretor must be large compared to that of the donor star.
If we utilize a few model-dependent ideas about how a supersoft binary source such as RXJ0019
evolves, we can combine the measured mass function with a Monte Carlo sampling of evolving
sources to infer a substantial number of the system parameters in RXJ0019, much like was done in
the previous chapter. However, with the code described in this section I can create more accurate
models of the evolution of the binary system leading to more realistic results. Such an approach
was developed previously to help deduce the system parameters in the binary X-ray pulsar GRO
J1744-28 ([130]). We briefly outline the approach here and refer the interested reader to Rappaport
& Joss (1997) for more details. We start with a short-period binary system consisting of a donor
star and a white dwarf with masses in the range:
0.8 < Mdonor/M < 3.0
0.6 < Mwd/M < 1.2. (5.43)
This binary was assumed to be just at the end point of a common envelope (CE) phase in which
the giant progenitor of the white dwarf had its envelope stripped off by the companion star (the
"donor" in the supersoft X-ray source phase) as it spiraled into the giant's envelope. Donor stars
with mass less than -0.8 M® will not lead to mass transfer rates high enough to produce a luminous
supersoft X-ray source ([129, 164]), and white dwarfs with masses less than -0.6 Mo will not produce
luminous supersoft X-ray sources with the observed high enough temperatures [70, 129, 164]). The
upper limit of 1.2 M® for the mass of the white dwarf is discussed below.
The approach we take is to choose, via a Monte Carlo method, the post-common envelope
properties of the binary system, evolve the binary with the code described above to the point where
its orbital period reaches 15.85 hours, and then find the orbital inclination angle that will yield the
observed K velocity for the white dwarf. If the orbital period never reaches 15.85 hours, or the mass
transfer rate is not in the range of interest for the steady (or quasi-steady) nuclear burning region,
e.g., - 10-8 < M < 3x10 - 7 Me yr - 1 [70, 129, 164] then the system is discarded. If the system
reaches a state in which it could be a plausible match for RXJ0019 then the system parameters
at that point are saved. The cumulative statistics for all the systems that produce RXJ0019-like
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systems form the probability distributions for system parameters such as orbital inclination angle,
donor mass, core mass of the donor, and luminosity of the donor.
In principle, the best way to choose the initial (i.e., immediately after the CE phase) binary
system parameters is from the output of a population synthesis code (see, e.g., [129]). However, for
purposes of this exercise it is sufficient to choose the masses of the white dwarf and the donor star
with uniform probability over the ranges given in equation (5.43). The upper limit of 1.2 ME for
the initial mass of the white dwarf was taken from the population synthesis study of Rappaport,
Di Stefano, & Smith [129]. We also had to specify the initial core mass, M0, of the donor star. Again,
for simplicity, we pick the core mass from a uniform distribution over the range 0 < Mc < 0.15 Me,
above which point the orbital period of the system would always be longer than 15.85 hours. The
evolution was started with the donor star just filling its Roche lobe.
This procedure of choosing initial binary parameters and then evolving the system to see if it
would become a near match for RXJ0019 was carried out 107 times. For each successful system,
the parameters were recorded with a weighting function of sin 2 i/ cos i which takes into account the
probability of observing randomly oriented systems with the correct inclination angle to produce the
observed mass function (see [130]). The results are shown in Figure 5-15 where probability histograms
are given for inclination angle, mass of the donor star, mass of its He core, and luminosity of the
donor.
From Figure 5-15 (and as well from Figure 4-10 in the last chapter) we learn that the inclination
angle of the system is most likely near 250, and that it is unlikely to be greater than 350. Even
if we completely relax the constraint on mass transfer rates, simply the range of masses assumed
in equation (5.43) is sufficient to restrict the allowed inclination angles to less than 400. Again (as
discussed in Chapter 4 ) this result can be violated only if (i) the K velocity that we have used is
not the correct one to be associated with the orbital motion of the accreting star, or (ii) one allows
for more extreme constituent masses (e.g., a black hole compact object).
The Monte Carlo study presented in this chapter differs from the one in Chapter 4 in a few
respects. The new code details the entire binary evolution, tracking the mass transfer as a function
of evolutionary age as opposed to the original code which estimated M from the value of the selected
masses (equation 4.5). The new code also handles donor stars with explicit core masses. These two
differences make for a more realistic simulation. For example, if the randomly selected initial white
dwarf mass is 1.3 MD, then it is likely that the accretion process would produce a type Ia supernova
before the binary evolved to a 15.85 hr period. In the full evolution code, such a system would
be dropped from consideration; however, the original code would dutifully return an inclination
using the initial masses. Additionally, the full evolution code tracks not only the inclination, but
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distributions of other system parameters such as the donor luminosity and final donor mass.
5.3 Conclusions
1. By adapting features from both detailed and over-simplified approaches to simulating nuclear
burning on the surface of white dwarfs we have created a code which allows us to strike a
balance between numeric accuracy and computational speed.
2. The nuclear burning code is able to reproduce most of the results produced by more detailed
codes, especially when the hydrogen shell flashes are sufficiently non-hydrodynamic.
3. Under the assumptions of the code, most notably that the nuclear burning episodes are not
hydrodynamic, the rise and decay times of the envelope's response to impulse accretion events
is not arbitrarily fast. I find typical rise times of -1 year and decay times from about 4-8
years. However, 10 day transitions are observed in the NBWD RX J0513.9-6951.
4. I also created a binary evolution code which follows a system which initially has a donor star
more massive than a companion white dwarf. I find that such a system would appear as a
NBWD for a few million years, including a small amount of time after the white dwarf has
become more massive than the donor.
5. Using the binary code in conjunction with Monte Carlo selection of the initial masses of the
stars, I show that RX J0019.8+2156 is likely to have a 1.3 Me donor star with a significant
core mass views at an orbital inclination angle between 20 and 35 degrees. Such an angle is
difficult to reconcile with the photometric observations of Will & Barwig [183].
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Supersoft Active Galactic Nuclei
In this chapter I discuss the analysis and implications of supersoft active galactic
nuclei. These systems possess a typical photon spectral index of -3, which is much
steeper than that for typical AGN (,1.7). I find that SXS AGN appear not only as
low-luminosity Seyfert galaxies, but are common among quasars. I briefly characterize
the basic emission properties of SXS AGN and estimate their luminosity function. The
newly discovered SXS quasars may well account for the reported soft excess in the diffuse
X-ray background near 0.25 keV.
Note on cosmology: I have assumed an Einstein-de Sitter universe throughout this
chapter. In this cosmology, space is asymptotically flat, but possesses an overall scale
factor a(t) which is increasing in time - expanding space-time. This choice of universe
fixes the deceleration parameter qo (= a) at 0.5. For the current value of the Hubble
parameter Ho (= -), I use Ho = 70 km s-1 Mpc-'
6.1 Introduction
6.1.1 Historical Overview
A 1985 paper by Elvis, Wilkes, & Tananbaum presents Einstein IPC spectra of three AGN in the
0.1-4.0 keV band and power-law fits to these data [38], yielding photon indices of 1.6, 2.2, and 3.2.
These values are in contrast to photon indices of power-law fits to the AGN in the 2-20 keV band
which many experiments have shown are tightly grouped near a value of 1.7 [111]. Their work
established the phenomenon of "soft-excess" in the X-ray spectrum of AGN. Spectral modeling of
such cases requires two spectral components, one for the 2-10 keV band and another to account for
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the soft excess, which is usually apparent below 1 keV.
Turner & Pounds [162] established that soft-excess AGN were not a rarity, but rather were quite
common. From their survey of AGN observed with EXOSAT, about 30% of their sample, and 50%
of the unobscured cases, showed soft excesses at energies < 1 keV. Masnou et al. [100] find 8 of 14
Einstein AGN with soft excesses. Greiner et al. [54], using ROSAT data estimate 30% of AGN show
soft excesses.
In 1992, C6rdova et al. [28] presented a sample of AGN observed with the Einstein IPC which
showed very strong soft X-ray emission below 0.5 keV. Cord6va et al. refer to these systems as
"ultrasoft AGN". Unlike the soft-excess AGN, many of these sources do not show any detectable
hard emission. The authors denote three types of ultrasoft systems: (1) low-redshift AGN which
show only soft emission, (2) AGN which show a hard component along with the soft, and (3)
high redshift quasars showing soft emission either from an extended source (perhaps gravitationally
lensed) or a source exhibiting relativistic beaming. The majority of these ultrasoft AGN were shown
to be Seyfert 1 galaxies with very strong equivalent width narrow emission lines [126].
The ROSAT all-sky survey as well as the WGA and SRC catalogs provide a new, more sensitive
data set for the discovery and identification of supersoft AGN. Greiner, et al. [54] report 4 new AGN,
three of them Seyfert galaxies, which show HR1 < -0.5, precisely the definition of a SXS used in this
thesis. Additionally the ROSAT WFC and the Extreme Ultraviolet Explorer (EUVE) provide data
in the extreme ultraviolet (EUV) band [99, 92, 178]; however this region is very prone to interstellar
absorption effects and therefore very difficult to study. The EUV results also indicate the presence
of dominant soft X-ray components in some Seyfert galaxies. These "supersoft Seyferts" exhibit
X-ray variations far beyond the typical factor -2 seen in hard X-ray samples (e.g. a factor of 400
in the source WPVS 007 [57]).
6.1.2 Physical Models
C6rdova et al. [28] suggest two mechanisms to create AGN that display single-component, very steep
spectra. First, non-thermal emission from the central black hole may be selectively absorbed and
reprocessed by clouds of gas (see also, [23, 24]). Ferland & Rees [40] showed such a phenomenon is
feasible, creating a dip in the X-ray continuum near 1 keV and creating an ultraviolet bump from
the reprocessed radiation.
A variant of this model is that of the warm absorber (see, e.g., [162]) in which the flux from
the central source heats an enshrouding gas cloud. In the process, low atomic number elements are
partially ionized, but electrons in the metals remain associated. The resulting changes in the opacity
of the cloud as a function of photon energy allow soft X-rays through the cloud, while X-rays above
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1 keV are still absorbed. Note that warm absorbers have been observed in some supersoft Seyfert
galaxies by means of absorption lines in the X-ray continuum (e.g., NGC 4051 [81] and NGC 3516
[104, 83]).
A second idea is that the primary X-ray emission from the AGN process is modified because the
accretion rate is near the Eddington limit (see also, e.g., [98, 32, 100]). Radiation pressure would
create a very thick accretion disk and non-relativistic disk corona. These thermal components may
then dominate any emission from the optically thin and very hot plasma that emits the hard power-
law component. Intrinsic variations in X-ray spectra between normal and supersoft AGNs may then
be analogous to the "ultrasoft" vs. and X-ray low states of galactic X-ray binaries (e.g., Zdziariki
et al. [187]).
Still a third explanation for supersoft AGN has been proposed by Mannheim, et al.[98] in the
form of Compton emission from a nuclear jet. Here the kinetic properties of the jet determine radio
loudness and the relative scaling of UV, soft X-ray, and hard X-ray luminosities.
6.2 Analysis
6.2.1 Optical Luminosity
As noted in Chapter 3, the studies of my various subsamples of SXS yield a large number of AGN
identifications, which have a wide distribution in redshift. We continue this investigation here by
first separating the SXS AGN into luminosity classes: Seyfert galaxies (Mv ! -23) and quasars
(My Z -23). Additionally, a calculation of the typical X-ray/optical flux ratio for SXS AGN is
needed to help evaluate the "blank fields" which have no candidate counterparts visible within the
error circle (see Chapter 3).
To calculate the optical luminosity emitted by the AGN, I must correct for modifications to
the spectrum between the Earth and the point of emission. I assume that extinction (meaning the
combined effects of scattering and absorption) due to gas and dust in the intergalactic medium is
insignificant, and do not correct for it. However, the gas and dust in the Galactic interstellar medium
(ISM) do affect the spectrum of the AGN. To quantify this effect, I use a two-dimensional linear
interpolation scheme on the catalog of Stark et al. [154] to estimate the H I column density through
the Milky Way in the direction of the target. For sources with declinations < -40', where the Stark
catalog ends, I use a simple plane parallel approximation for the gas in the Galactic disk [56]:
NH = [3.52csc(bI") - 1.744] x 1020 cm - 2 ,
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where b" is the galactic latitude. Van Steenberg & Shull [166] find that the hydrogen gas traces the
interstellar dust, and that the average gas-to-dust ratio is:
E(BNH = 5.2x 10 cm - 2 mag- 1, (6.1)
where E(B - V) is the color excess from extinction. Finally, the color excess is related to the total
extinction, AV, by an empirical function [103, 141]. As a function of wavelength, one can de-redden
the spectrum, according to:
F = Fv,rawl00.4A-. (6.2)
In practice, I do not de-redden the entire spectrum, rather I use the fact that at 5500 A, the center
of the V-band, A,/E(B - V) = 3.1 [103, 141] and then the relationship from Allen [2, p. 197] that
my is related to the flux density at 5500 A by:
log F 55 00 = -0.4mv - 8.43. (6.3)
This determines the de-reddened my for the AGN. Note, I make no attempt to correct for any
extinction that arises in the AGN host galaxy.
The process of converting the measured flux into source luminosity hinges on the determination
of the distance to the source. In the cases of AGN, the distance is determined by the redshift of the
object in conjunction with Hubble's law; however, the expansion of space over distances represented
by redshifts greater than -0.1 requires modifications to the familiar Euclidean relation L = 4ird2F.
The photons emitted by the source are redshifted by a factor of (1 + z), where z is AA/A for any
spectral feature having a laboratory wavelength A. Additionally, the expansion of the universe slows
the rate of arrival of the flux in the observer's frame. When these factors are taken into account and
the geometric factor (47rd2 ) is adjusted for expansion and curvature of space, one finds:
L
F = (6.4)41rd'
where dL is the luminosity distance. Note that I begin this investigation by assuming isotropic
radiation from the nuclei of SXS AGN. For an Einstein-de Sitter universe where the deceleration
parameter qo = 0.5 the relation for dL reduces to:
dL = 2c [1+ z - (1 + ) 1 / 2], (6.5)
where Ho is the present-day value of the Hubble constant and c is the speed of light [180, p.485].
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The only limitation on equation 6.4 is that it assumes a bolometric flux and luminosity. However,
I measure the flux over a given band; specifically I consider the optical V-band which roughly covers
the range 5500 + 500 A. The V-band flux I measure at the telescope was originally emitted by the
AGN somewhat blueward of 5500A [viz. at 5500/(1 + z)]. To do the calculation properly requires
interpolation of the continuum spectrum. If one assumes that the continuum spectrum of the AGN
is a power-law, F, oc v', then:
L(vi, V2) = 4rdLF(lv, V2)(1 + z)- (l+ a )  (6.6)
where L(vl, v2 ) and F(vi, v2 ) represent the luminosity and flux, respectively, in the bandpass defined
by v1 to v2 in the observer's frame [144].
Because I am only considering the optical flux and luminosity to obtain order of magnitude
estimates of these quantities, and the extra factor in equation 6.6 is a small correction (typical
values of a are - -1 [39, 177]), I will ignore the bandpass correction and use equation 6.4 for
determination of the optical luminosity. Later in this chapter when considering X-ray luminosity, I
will return to utilize equation 6.6.
It is conventional to quote the luminosity of an AGN in absolute magnitudes, the apparent
magnitude the object would have if it was located 10 pc away from the observer:
M = -2.5log[ (10 pc)2 I + C (6.7)
where C is a constant used to calibrate the scale. Manipulation of the logarithm yields the distance
modulus which I use to define the absolute magnitude in the V-band:
Mv = mv + 5 - 5log ) . (6.8)
Following the classification scheme of Woltjer [186], I classify objects more luminous than My < -23
as quasars and those with My > -23 as Seyfert galaxies.
The values I have determined for My among the supersoft AGN are recorded in Table 6.2.1. I
utilized spectrophotometry on objects I discovered, using the flux density measured at 5500 A and
equation 6.3 to determine my. The estimated uncertainty (lo-) in the spectrophotometry (3" slit)
is 0.1 magnitudes. In the cases of objects identified by associations with AGN in literature, I used
the reported my magnitudes and assumed that these were not de-reddened values. On occasion, no
my magnitude was available, but a value for mB (the B-band is defined roughly 4400 ± 400 A) was
published. In this case I assumed my = mB - 0.4 [39, 177] and proceeded with the analysis. The
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magnitudes in the "m' " column of Table 6.2.1 are dereddened and take into account all conversions
described above. Values for the magnitudes and redshifts of literature AGN were found via searches
of SIMBAD, NED, or the catalog of Veron-Cetty & Veron [171],
6.2.2 X-Ray Luminosity
The calculation of X-ray luminosity utilizes a process similar to the calculation of the optical lu-
minosity. However, there is the added complication that throughout this study we have taken the
ROSAT count rate to be equivalent to the X-ray flux. Converting the measured count rate into an
unabsorbed flux, and eventually into a soft X-ray luminosity requires the adoption of an average
spectrum for the supersoft AGN and a model for the photoelectric absorption by gas in the ISM.
For simplicity, I will assume that the unabsorbed X-ray spectrum of the AGN is that of a power
law:
A(E) = K x ) photons cm - 2 s- 1 keV - 1'. (6.9)
The exponent F is referred to as the photon index and is closely related to a in equation 6.6
by a = 1 - F. The constant K is the normalization of the model. The choice of this spectral
form simplifies the integration and allows me to use equation 6.6 when converting the flux into
luminosity. It will be shown below that a power-law does an adequate job when fitting the ROSAT
X-ray spectrum between 0.1-2.0.
To find the average value of F I selected 10 relatively X-ray bright SXS AGN at a variety of
redshifts between 0.1 and 1.0. I retrieved the spectral data, background spectrum, and the associated
response file (containing corrections for off-axis observations from the HEASARC 1 archive. The
spectral data were rebinned such that a minimum of 20 counts were included in each spectral bin,
thereby allowing the use of chi-squared statistics. These data were analyzed with XSPEC v.9 [4]
using a power-law model which was modified by the effects of gas absorption using the opacities
of Morrison & McCammon [108] originally discussed in Chapter 2. The column density of the
absorption component was fixed at the value determined by interpolation of the Stark catalog (of
Galactic H I) to the position on the sky of the AGN. The resulting fits to this model are shown
in Table 6.2. The weighted average of the photon index is (r) = 2.998 and the 10 sources are
1Flags indicating membership in various subsamples: f = flux limited, t = NBWD track, s = extremely soft, b =
optically bright. An "1" indicates the source was identified via literature search.
2 ROSAT PSPC counts s - 1 in the 0.24-2.0 keV band, the WGA definition.
3 Luminosity distance in Mpc. Ho = 70 km s - 1 Mpc - 1 .
4 Soft X-ray flux in the 0.1-2.0 keV band (ergs s - 1 cm - 2 )
5 Soft X-ray luminosity in the 0.1-2.0 keV band (1044 ergs s - 1 )
' The "High Energy Astrophysics Science Archive Research Center" (HEASARC) is provided by NASA's Goddard
Space Flight Center.
162
CHAPTER 6. SUPERSOFT ACTIVE GALACTIC NUCLEI 163
Object Name Subs' CR 2  z dL 3  my mn' Mv Fx 4  F' 4  Lx 5
RX J0000.0-3503 1 0.015 0.508 2391.94 17.60 17.534 -24.36 1.602e-13 3.815e-13 3.946e+00
RX J0007.9+0528 b 0.011 1.099 5554.63 16.53 16.279 -27.44 1.247e-13 5.458e-13 4.235e+01
RX J0044.0+0133 - 0.169 0.442 2060.25 16.69 16.546 -25.02 1.766e-12 5.858e-12 4.299e+01
RX J0046.6-2554 1 0.061 0.130 572.25 17.90 17.819 -20.97 6.380e-13 1.660e-12 7.370e-01
RX J0051.2-2851 1 0 003 1.690 8968.96 19.90 19.795 -24.97 3.104e-14 9.027e-14 2.339e+01
RX J0052.5-2848 1 0.002 1.605 8465.96 18.93 18.825 -25.81 2.069e-14 6.016e-14 1.345e+01
RX J0056.1-2652 1 0.025 1.039 5220.24 18.15 18.042 -25.55 2.586e-13 7.644e-13 5.089e+01
RX J0057.3-2222 lb 0.026 0.061 264.41 14.30 14.207 -22.90 2.698e-13 7.460e-13 6.600e-02
RX J0104.6-2657 1 0.031 0.787 3846.10 17.40 17.288 -25.64 3.208e-13 9.630e-13 3.051e+01
RX J0119.5-2821 lb 0.261 0.351 1611.82 16.30 16.207 -24.83 2.709e-12 7.472e-12 3.145e+01
RX J0134.9-4056 1 0.029 0.172 763.82 17.47 17.355 -22.06 3.002e-13 9.109e-13 7.470e-01
RX J0139.2-5430 Its 0.017 -1.000 -0.00 19.70 19.565 +99.99 1.772e-13 5.786e-13 -0.000e+00
RX J0149.6-1352 - 0.103 0.150 663.09 18.02 17.936 -21.17 1.074e-12 2.851e-12 1.729e+00
RX J0246.7-3001 1 0.004 1.000 5004.29 17.80 17.692 -25.80 4.138e-14 1.219e-13 7.315e+00
RX J0321.6-5139 lb 0 030 0.057 246.85 15.60 15.440 -21.52 3.172e-13 1.119e-12 8.600e-02
RX J0342.1-4511 1 0.001 2.212 12129.10 20.10 19.937 -25.48 1.060e-14 3.778e-14 2.137e+01
RX J0347.6+0105 It 0.059 0.031 133.42 16.00 15.349 -20.28 7 393e-13 5.581e-12 1.230e-01
RX J0545.9-2542 1 0.004 0.045 194.33 15.60 15.493 -20.95 4.138e-14 1.214e-13 6.000e-03
RX J0922.7+5120 Ifb 0.149 0.161 713.35 17.90 17.817 -21.45 1.556e-12 4.081e-12 2.892e+00
RX J0923.1+4530 1 0.736 0.293 1331.82 17.36 17.268 -23.35 7.643e-12 2.096e-11 5.765e+01
RX J0937.0+3616 f 0.028 0.179 796.04 17.48 17.398 -22.11 2.936e-13 7.532e-13 6.750e-01
RX J0941.9+3533 f 0.047 0.225 1009.79 18.41 18.335 -21.69 4.943e-13 1.250e-12 1.873e+00
RX J0947.0+4721 f 0.090 0.538 2544.39 18.01 17.942 -24.09 9.612e-13 2.288e-12 2.731e+01
RX J0947.7+4711 fb 0.024 0.700 3384.33 17.75 17.679 -24.97 2.563e-13 6.104e-13 1.424e+01
RX J0949.9+4831 1 0.104 0.590 2811 01 16.70 16.636 -25.61 1.114e-12 2.624e-12 3.952e+01
RX J0950.8+4800 1 0.015 1.737 9248.60 17.69 17.627 -27.20 1.610e-13 3.768e-13 1.056e+02
RX J0953.5+3917 f 0.081 0.919 4559.50 17.00 16.904 -26.39 8.412e-13 2.305e-12 1.102e+02
RX J0954.1+4628 f 0.015 2.580 14419.58 17.92 17 861 -27.93 1.612e-13 3.762e-13 3.351e+02
RX J0958.6+5602 f 0.072 0.215 963.03 18.31 18.263 -21.66 8.000e-13 1.705e-12 2.304e+00
RX J1004.3+0512 1 0.005 0.161 713.35 16.36 16.228 -23.04 5.203e-14 1.680e-13 1.190e-01
RX J1006.1+5542 f 0.017 0.743 3611.69 18.57 18.528 -24.26 1.927e-13 3.928e-13 1.070e+01
RX J1008 6+5437 f 0.029 0.783 3824.72 18.79 18.741 -24.17 3.293e-13 6.687e-13 2.090e+01
RX J1012.7+5135 f 0.023 0.671 3232.00 18.62 18.571 -23 98 2.579e-13 5.384e-13 1.126e+01
RX J1016.8+5235 f 0.020 0.439 2045.30 18.70 18.649 -22.90 2.220e-13 4.745e-13 3.425e+00
RX J1018.5+5325 f 0 037 0.175 777.62 19.65 19.600 -19.85 4.078e-13 8.865e-13 7.560e-01
RX J1029.2+5724 - 0.177 0.189 842.22 18 65 18.614 -21.01 2 050e-12 3.999e-12 4.045e+00
RX J1030.4+5514 b 0.229 0.435 2025.38 17.79 17.744 -23.79 2.573e-12 5.347e-12 3.774e+01
RX J1031.6+3048 1 0.022 0.250 1127.37 19.50 19.388 -20.87 2.276e-13 6.820e-13 1.299e+00
RX J1034.6+3938 1 1.810 0.043 185.60 16.90 16.805 -19.54 1.879e-11 5.161e-11 2.225e+00
RX J1052.0+3319 f 0.015 0.478 2240.53 18.45 18.331 -23.42 1.553e-13 4.735e-13 4.212e+00
RX J1057.5+5145 - 0.030 0.923 4581.34 18.32 18.258 -25.05 3.247e-13 7.413e-13 3.585e+01
RX J1058.4+6016 - 0.526 0.148 653.98 16.72 16.680 -22.40 6.150e-12 1.178e-11 6.938e+00
RX 31100.2+3935 f 0.050 0.313 1427.84 18.86 18.768 -22.00 5.188e-13 1.435e-12 4.606e+00
RX 31100.6+6053 f 0.071 0.516 2432.50 18.93 18.886 -23.04 8.157e-13 1.617e-12 1.739e+01
RX 31101.1+6148 f 0.027 0.351 1611.82 19.29 19.243 -21.79 3.037e-13 6.294e-13 2.649e+00
RX 31106 0+6400 1 0.018 2.190 11993.68 15.80 15.740 -29.65 1.948e-13 4.447e-13 2.443e+02
RX 31115.3+1757 fb 0.026 0.732 3553.36 17.97 17.880 -24.87 2.711e-13 7.196e-13 1.886e+01
RX 31118.1+2128 f 0.023 0.649 3117.00 19.23 19.150 -23.32 2.413e-13 6.180e-13 1.187e+01
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Object Name Sam- CR z dL my m' My Fx F Lx
RX 31118.2+1745
RX J1215.6+3250
RX J1217.9+3006
RX J1225.9+2438
RX J1226.0+2506
RX J1226.2+2533
RX J1227.7+0841
RX J1231.3+1722
RX J1232.5+1410
RX J1233.6+3101
RX J1236.2+2622
RX J1236.5+2635
RX J1236.9+2656
RX J1237.6+2642
RX J1241 3+3204
RX J1241.3+3212
RX J1249.4+2641
RX J1253.2+2604
RX J1253.4+2534
RX J1254.1+2555
RX J1255.3+3538
RX J1256.2-0556
RX J1256.9+3524
RX J1257.3+3549
RX J1257.6+3542
RX J1301.0+3522
RX J1305.4-4926
RX J1307.7+3710
RX J1309.2+3445
RX J1310.4+2808
RX J1312.5+2832
RX J1316.6+4452
RX J1319.1+3108
RX J1320.6+2838
RX J1328.7+5038
RX J1331.7+4103
RX J1333.8+0218
RX J1334.0+2648
RX J1334.1+3715
RX J1334.2+4122
RX 31334.5+2719
RX J1335.0+2647
RX J1335.2+3739
RX J1335.7+2728
RX J1336.3+2636
RX J1336.3+2647
RX J1336 7+2730
RX J1336.8+2721
RX J1336.9+2725
RX J1337.0+2627
RX J1337.1+2651
RX J1337.1+3933
RX J1337.2+2700
RX J1337.4+2736
RX J1337.5+2600
RX J1337.6+2625
RX 31337.6+2703
RX J1337.6+3909
RX J1337.7+2700
RX J1337.8+4001
0.005 1.900 10226.32 18.10 18.010 -27.04 5.196e-14 1.414e-13 5.134e+01
0.025 1.001 5009.81 18.83 18.755 -24.74 2.625e-13 6.695e-13 4.029e+01
0.353 0.237 1066.11 15 62 15.519 -24.62 3.654e-12 1.046e-11 1.764e+01
0.023 0.547 2590.33 18.48 18.374 -23.69 2.381e-13 6.834e-13 8.504e+00
0.047 0.067 290.83 17.30 17.204 -20.11 4.872e-13 1.362e-12 1.470e-01
0.026 0.277 1255.42 19.49 19.388 -21.11 2.693e-13 7.612e-13 1.837e+00
0.162 0.085 370.48 16.24 16.140 -21.70 1.677e-12 4.788e-12 8.550e-01
0.026 0.403 1866.76 18.47 18.341 -23 01 2.703e-13 8.651e-13 5.071e+00
0.146 0.422 1960.79 18.50 18.351 -23.11 1.533e-12 5.229e-12 3.428e+01
0.450 0.291 1322.25 16.00 15.915 -24.69 4.692e-12 1.245e-11 3.370e+01
0.005 2.100 11441.60 21.60 21.522 -23.77 5.249e-14 1.340e-13 6.510e+01
0.009 2.100 11441.60 21.60 21.522 -23.77 9.439e-14 2.420e-13 1.176e+02
0.021 0.227 1019.16 17.94 17.863 -22.18 2.199e-13 5.680e-13 8.680e-01
0.022 0.021 90.17 16.19 16.115 -18.66 2.309e-13 5.901e-13 6.000e-03
0.022 0.531 2508.73 20.00 19.930 -22.07 2.319e-13 5.805e-13 6.706e+00
0.047 0.387 1787.94 18.33 18.259 -23.00 4.953e-13 1.241e-12 6.598e+00
0.012 0.664 3195.36 18.20 18.140 -24.38 1.298e-13 2.966e-13 6.040e+00
0.051 0.409 1896.40 19.91 19.853 -21.54 5.620e-13 1.222e-12 7.425e+00
0.049 0.142 626.67 18.45 18.396 -20.59 5.340e-13 1.196e-12 6.430e-01
0.014 0.196 874.64 18.40 18.347 -21.36 1.543e-13 3.356e-13 3.680e-01
0.082 0.221 991.07 17.90 17.827 -22.15 8.652e-13 2.156e-12 3.101e+00
0.004 0.420 1950.87 19.90 19.766 -21.69 4.167e-14 1.356e-13 8.790e-01
0.004 0.079 343.86 14.58 14.508 -23.17 4.228e-14 1.046e-13 1.600e-02
0.009 1.500 7849.70 19.60 19.527 -24.95 9.496e-14 2.367e-13 4.367e+01
0.025 0.221 991.07 17.90 17.827 -22.15 2.639e-13 6.565e-13 9.440e-01
0.021 0.324 1480.89 18.28 18.212 -22.64 2.234e-13 5.391e-13 1.877e+00
0.003 0.002 8.55 8.24 7.436 -22.22 3.691e-14 3.202e-13 0.000e+00
0.033 0.681 3284.44 19.31 19.248 -23.33 3.523e-13 8.399e-13 1.825e+01
0.041 0.194 865.37 17.60 17.539 -22.15 4.427e-13 1.017e-12 1.091e+00
0.030 0.520 2452.80 18.10 18.039 -23.91 3.240e-13 7.442e-13 8.159e+00
0.031 0.898 4445.03 15.45 15.389 -27.85 3.341e-13 7.721e-13 3.470e+01
0.009 0 091 397.16 16.78 16.686 -21.31 9.347e-14 2.559e-13 5.300e-02
0.166 0.290 1317.47 16.20 16.132 -24.47 1.767e-12 4.257e-12 1.143e+01
0.101 0.135 594.89 18.50 18.429 -20.44 1.070e-12 2.623e-12 1.264e+00
0.080 0.147 649.42 18.16 18.094 -20.97 8.588e-13 2.010e-12 1.166e+00
0.020 1.930 10407.56 17.10 17.044 -28.04 2.183e-13 4.865e-13 1.849e+02
0.010 1.228 6282.00 18.85 18.744 -25.25 1.035e-13 3.025e-13 3.186e+01
0.036 0.418 1940.95 18.98 18.922 -22.52 3.875e-13 8.991e-13 5.759e+00
0.069 0.520 2452.80 18.20 18.151 -23.80 7.695e-13 1.626e-12 1.783e+01
0.063 0.311 1418.21 18 10 18.045 -22 71 6.897e-13 1.526e-12 4.825e+00
0.021 0.618 2955.77 19.60 19.536 -22.82 2.250e-13 5.297e-13 8.976e+00
0.007 1.322 6818.81 19.80 19.738 -24.43 7.535e-14 1.748e-13 2.261e+01
0.002 1.471 7680.53 15.90 15.852 -28.58 2.240e-14 4.688e-14 8.184e+00
0.008 1.300 6692.69 19.90 19.836 -24.29 8 572e-14 2.018e-13 2.490e+01
0.003 0 851 4190.15 20 50 20.438 -22.67 3.232e-14 7.478e-14 2.912e+00
0.006 1.060 5336.98 19.00 18 938 -24.70 6.457e-14 1.499e-13 1.054e+01
0.021 0.780 3808.69 19.50 19.436 -23.47 2.249e-13 5.304e-13 1.641e+01
0.005 0.195 870 00 19.40 19.336 -20.36 5.360e-14 1.260e-13 1.370e-01
0 006 1.360 7037 36 18.60 18.536 -25.70 6.428e-14 1 514e-13 2.120e+01
0 003 0.970 4838.96 20.30 20.239 -23.18 3.238e-14 7.454e-14 4.120e+00
0.022 1.549 8136.57 19.40 19.338 -25.21 2.367e-13 5.499e-13 1.111e+02
0.039 0.836 4109.19 16.05 16.006 -27.06 4.363e-13 9.154e-13 3.401e+01
0.004 0.637 3054.47 19.10 19.037 -23.39 4.296e-14 1.004e-13 1.838e+00
0.009 1.121 5677.88 19.20 19.135 -24.64 9 624e-14 2.281e-13 1.869e+01
0.026 0.394 1822.38 18.60 18.540 -22.76 2.811e-13 6.435e-13 3.572e+00
0.003 1.779 9499.37 19.40 19.339 -25.55 3.239e-14 7.445e-14 2.236e+01
0.008 1.762 9397.77 20.30 20.237 -24.63 8.588e-14 2.010e-13 5.871e+01
0.015 0.020 85.85 13.80 13.752 -20.92 1.680e-13 3.515e-13 3.000e-03
0.004 1.928 10395.46 18.80 18.737 -26.35 4.295e-14 1.005e-13 3.807e+01
0.025 0.683 3294.94 18.59 18.539 -24.05 2.798e-13 5.867e-13 1.285e+01
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Object Name Sam- CR z dL my m M Fx F Lx
RX J1338.0+2748
RX J1338.6+2546
RX J1338.6+3814
RX J1338.8+2713
RX J1339.0+2626
RX J1339.0+3928
RX J1339.1+2807
RX J1339.3+2723
RX J1339.4+4032
RX J1339.4+5227
RX J1339.6+2710
RX J1339.7+2711
RX J1339.9+2748
RX J1340.1+2718
RX J1340.4+2613
RX J1340.6+2720
RX J1340.6+4036
RX J1340.9+2717
RX J1340.9+2729
RX J1341.2+2645
RX J1341.2+5617
RX J1341.7+2718
RX J1341.9+2635
RX J1341.9+2735
RX J1342.1+2708
RX J1342.3+2642
RX J1342.3+2720
RX J1342.5+2559
RX J1342.8+2733
RX J1344.8+2642
RX J1345.5+5523
RX J1346.4+2616
RX J1346.4+2634
RX J1346.7+2609
RX J1346.9+5606
RX J1347.5+2610
RX J1347.9+2555
RX J1348.5+2622
RX J1348.7+2622
RX J1350.3+2653
RX J1405.2+2555
RX J1413.7+3645
RX J1413.8+4400
RX J1414.1+3635
RX J1414.3+3636
RX J1417.3+2513
RX J1418.3+0637
RX J1418.9+2509
RX J1421.1+2538
RX J1424.7+3249
RX J1424.9+4214
RX J1441.2+3450
RX J1442.1+3526
RX J1445.9+0944
RX J1511.1+3810
RX J1517.2+5549
RX J1536.6+5433
RX J1545.4+4845
RX J1602.2+4325
RX J1623.4+4117
0.005 0.814 3990.81 19.70 19 634 -23.37 5.337e-14 1.273e-13 4.408e+00
0.025 0.607 2898.80 18 82 18 759 -23.55 2.699e-13 6.205e-13 1.004e+01
0.023 0.610 2914.33 19.08 19.036 -23 29 2 578e-13 5.386e-13 8.828e+00
0.007 0.486 2280.81 20.00 19.935 -21 85 7.496e-14 1.769e-13 1.639e+00
0.018 0.240 1080.22 19 30 19 238 -20.93 1.940e-13 4.486e-13 7.780e-01
0.021 1.271 6526.88 20.28 20.233 -23.84 2.353e-13 4.919e-13 5.701e+01
0.012 1.124 5694.71 19.70 19.633 -24.14 1.280e-13 3.062e-13 2.527e+01
0.007 1.056 5314.72 20.20 20.135 -23.49 7.491e-14 1.772e-13 1.233e+01
0 061 0.118 518.08 18.34 18.292 -20.28 6.841e-13 1.448e-12 5.210e-01
0.028 0.269 1217.37 18.30 18.232 -22.20 2.978e-13 7.194e-13 1.623e+00
0.011 1.120 5672.27 19.60 19.536 -24.23 1.179e-13 2.774e-13 2.267e+01
0.017 1.120 5672.27 19.60 19.536 -24.23 1.822e-13 4.288e-13 3.504e+01
0.014 -1.000 -0.00 19.00 18.934 +99.99 1.495e-13 3.563e-13 -0.000e+00
0.015 -1.000 -0.00 19.10 19.035 +99.99 1.606e-13 3.791e-13 -0.000e+00
0.006 2.120 11564.02 18.90 18.839 -26.48 6.472e-14 1.492e-13 7.452e+01
0.006 1.139 5778.97 20.00 19.935 -23.87 6.422e-14 1.518e-13 1.299e+01
0.171 0.161 713.35 17.27 17.215 -22.05 1.895e-12 4.065e-12 2.881e+00
0.003 1.252 6418.53 19.40 19.335 -24.70 3.211e-14 7.586e-14 8.431e+00
0.009 1.595 8407.02 20.70 20.635 -23.99 9.621e-14 2.283e-13 5.015e+01
0.007 -1.000 -0.00 19.80 19.737 +99.99 7 525e-14 1.753e-13 -0.000e+00
0.020 0.244 1099.06 19.23 19.165 -21.04 2.147e-13 5.026e-13 9.060e-01
0.007 1.095 5532.26 20.10 20.035 -23.68 7.485e-14 1.775e-13 1.364e+01
0.009 1 727 9189.01 20.10 20.038 -24.78 9.685e-14 2.249e-13 6.201e+01
0.003 1.553 8160.04 20.40 20.333 -24.23 3.200e-14 7.652e-14 1.558e+01
0.027 1.185 6038.31 19.00 18.933 -24.97 2.880e-13 6.889e-13 6.575e+01
0.003 1.053 5298.03 19.00 18.935 -24.69 3.213e-14 7.580e-14 5.233e+00
0.015 0.704 3405.41 17.40 17.333 -25.33 1.598e-13 3.836e-13 9.086e+00
0.026 0.247 1113.21 18.80 18.738 -21.50 2.797e-13 6.501e-13 1.205e+00
0.015 0.810 3969.33 18.20 18.132 -24.86 1.597e-13 3.844e-13 1.314e+01
0.012 1.362 7048.88 19.42 19.355 -24.89 1.283e-13 3.041e-13 4.275e+01
0.020 0.118 518.08 19.08 19.018 -19.55 2.143e-13 5.048e-13 1.820e-01
0.005 1.825 9774.96 19.10 19.033 -25.92 5.329e-14 1.278e-13 4.130e+01
0.007 -1.000 -0.00 19.90 19.832 +99.99 7.449e-14 1.796e-13 -0.000e+00
0.011 1.241 6355.91 18.90 18.833 -25.18 1.172e-13 2.812e-13 3.050e+01
0.023 1.390 7210.49 19.83 19.763 -24.53 2.473e-13 5.760e-13 8.573e+01
0 007 1.400 7268.32 19.50 19.432 -24.88 7.446e-14 1.798e-13 2.730e+01
0.016 0.424 1970.71 19.03 18.963 -22.51 1.701e-13 4.117e-13 2.730e+00
0 042 0.920 4564.96 18 50 18 431 -24.87 4.465e-13 1.081e-12 5.183e+01
0.044 0.597 2847.12 18.10 18 031 -24.24 4.676e-13 1.133e-12 1.758e+01
0.021 1.621 8560.37 17.54 17.468 -27.19 2.213e-13 5.548e-13 1.276e+02
0.933 0.164 727.10 15.54 15.453 -23.86 9.712e-12 2 608e-11 1.925e+01
0.024 0.758 3691.40 19.28 19.221 -23.62 2.592e-13 5.952e-13 1.709e+01
0.034 0.089 388.26 14.90 14.831 -23.12 3.609e-13 8.782e-13 1.730e-01
0.046 0.342 1568.07 17 42 17.354 -23.62 4.925e-13 1.163e-12 4.602e+00
0.048 0.617 2950.59 16.65 16.581 -25.77 5.140e-13 1.213e-12 2.047e+01
0.013 0.560 2656.83 20.00 19.900 -22.22 1.346e-13 3.830e-13 5.056e+00
0.073 0.329 1505.06 17.46 17.334 -23.55 7.587e-13 2.423e-12 8.747e+00
0.022 0.674 3247.72 18.70 18.591 -23.97 2.276e-13 6.736e-13 1.426e+01
0.046 1.050 5281.35 15.80 15.698 -27.92 4.761e-13 1.366e-12 9.358e+01
0.023 0.210 939.71 19.01 18.937 -20.93 2.440e-13 5.953e-13 7.630e-01
0.127 0.316 1442.29 16.81 16.735 -24.06 1.336e-12 3.379e-12 1.109e+01
0.097 0.350 1606.95 16.99 16.927 -24.10 1.049e-12 2.402e-12 1.004e+01
0.129 0.077 335.00 14.88 14.816 -22.81 1.386e-12 3.233e-12 4.690e-01
0.009 1.092 5515.48 19 20 19.093 -24.61 9.311e-14 2.731e-13 2.082e+01
0.016 1.049 5275.79 18.50 18.419 -25.19 1.677e-13 4 317e-13 2.950e+01
0.015 1.220 6236 57 18 53 18.454 -25.52 1.571e-13 4.061e-13 4.201e+01
0.008 0.039 168.18 14.78 14.699 -21.43 8.366e-14 2.179e-13 8.000e-03
0.099 0.400 1851.96 16 50 16.405 -24.93 1.027e-12 2.857e-12 1.645e+01
0.036 0.272 1231.63 19.99 19.913 -20.54 3.803e-13 9.431e-13 2.182e+00
0.090 1.620 8554.46 16.60 16.542 -28.12 9.780e-13 2.207e-12 5.067e+02
Table 6.1: A Summary of SXS AGN properties (Part 3)
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Object Name Sam- CR z dL my m'V  Mv Fx F, Lx
RX J1623.8+4104 1 0.048 0.034 146.44 15.00 14 943 -20.89 5.233e-13 1.171e-12 3.100e-02
RX J1628.9+4008 1 0.288 0.270 1222.12 19.00 18.948 -21.49 3.187e-12 6.860e-12 1.561e+01
RX J1629.0+4007 1 0.426 0.270 1222.12 19 00 18 948 -21.49 4.715e-12 1.015e-11 2.309e+01
RX J1629.4+5910 f 0.018 1.248 6395.75 18.16 18.054 -25.98 1.862e-13 5.504e-13 6.063e+01
RX J1629.5+4206 f 0.051 0.072 312.89 18.01 17.946 -19.53 5.483e-13 1.277e-12 1.610e-01
RX J1631.2+4048 1 0.326 0.257 1160.46 16.60 16.543 -23.78 3.550e-12 7.966e-12 1.617e+01
RX J1631.5+4228 fb 0.058 0.529 2498.55 18.96 18.893 -23.10 6.236e-13 1.453e-12 1.663e+01
RX J1633.1+7613 t 0.004 0.177 786.83 18.08 17.842 -21.64 4.480e-14 1.900e-13 1.660e-01
RX J1634.4+4127 f 0.022 0.406 1881.58 20.36 20.292 -21.08 2.357e-13 5.550e-13 3.312e+00
RX J1634.7+3753 1 0.006 1.690 8968.96 18.00 17.936 -26.83 6.438e-14 1.509e-13 3.910e+01
RX J1637.1+4140 - 0.063 0.757 3686.08 16.83 16.760 -26.07 6.720e-13 1.607e-12 4.598e+01
RX J1638.2+3822 If 0.207 0.360 1655.69 17.00 16.929 -24.17 2.192e-12 5.384e-12 2.407e+01
RX J1638.2+3927 1 0.025 1.290 6635.45 19 20 19.138 -24.97 2.689e-13 6.254e-13 7.553e+01
RX J1640.5+3955 1 0 008 1.625 8583.99 18.50 18.440 -26.23 8.642e-14 1.984e-13 4.596e+01
RX J1642.4+3917 f 0.022 0.184 819.11 19.25 19.181 -20.39 2.332e-13 5.705e-13 5.440e-01
RX J1643.7+3924 1 0.028 0.434 2020.41 19.30 19.229 -22.30 2.967e-13 7.273e-13 5.105e+00
RX J1646.3+3928 - 0.102 0.100 437.32 17.24 17.162 -21.04 1.068e-12 2 765e-12 6.980e-01
RX J1656.1+3510 1 0.017 0.800 3915.70 17.58 17.476 -25.49 1.759e-13 5.095e-13 1.685e+01
RX J1741.5-5331 t 0.017 0.090 392.71 18.46 17.551 -20.42 2.062e-13 1.942e-12 3.920e-01
RX J2009.2-4849 1 0.003 0.071 308.47 13.40 13.114 -24.33 3.490e-14 1.640e-13 2.000e-02
RX J2044.0-1043 1 0.011 0.035 150.79 13.12 13.036 -22.86 1.147e-13 3.036e-13 9.000e-03
RX J2138.5-4240 1 0.006 1.460 7616.48 17.90 17.722 -26.69 6.428e-14 2.384e-13 4.075e+01
RX J2139.3-4235 1 0.073 -1.000 -0.00 17.10 16.923 +99.99 7.817e-13 2.895e-12 -0.000e+00
RX J2213.1-1737 1 0.007 1.557 8183.53 17.90 17.758 -26.81 7.319e-14 2.441e-13 5.006e+01
RX J2215.2-1731 1 0.015 1.159 5891.55 18.30 18.157 -25 69 1.570e-13 5.257e-13 4.720e+01
RX J2227.8-4004 1 0.021 0.740 3595.77 19.40 19.256 -23 52 2.199e-13 7.396e-13 1.994e+01
RX J2235.4-3718 1 0.126 0.209 935.06 17.70 17 630 -22.22 1.337e-12 3.260e-12 4.133e+00
RX J2245.3-4652 1 0.979 0.198 -0.00 -1.00 -1.000 +99.99 1.024e-11 3.425e-11 3.845e+01
RX J2257.6-3655 1 1.110 0.039 168.18 16.00 15.929 -20.20 1.176e-11 2.883e-11 1.016e+00
RX J2301.2-5131 b 0.038 0.742 3606.38 18.76 18.618 -24.17 3.978e-13 1.335e-12 3.625e+01
RX J2320.9-4203 1 0.067 0.212 949.04 18.20 18.075 -21.81 6.954e-13 2.192e-12 2.870e+00
RX J2355.4-3358 1 0.221 0.706 3415.95 16.40 16.335 -26.33 2.363e-12 5.601e-12 1.336e+02
RX J2359.5-2558 - 0.231 0.287 1303.13 17.65 17.558 -23.02 2.395e-12 6.670e-12 1.748e+01
Table 6.1: A Summary of SXS AGN properties (Part 4)
Object Photon NH XI z
Name Index (x1020 cm - 2)
RX J0947.0+4721 3.45 1 0.11 1.1 1.102 0.538
RX J0953.5+3917 3.31 ± 0.07 1.5 1.216 0.919
RX J1100.2+3935 3.01 ± 0.08 1.6 1.883 0.313
RX J1100.6+6053 2.99 ± 0.05 0.8 2.259 0.516
RX J1241.3+3212 2.97 ± 0.07 1.2 0.876 0.387
RX J1253.2+2604 2.95 ± 0.06 0.9 1.584 0.409
RX J1328.7+5038 2.81 ± 0.06 1.1 2.322 0.147
RX J1334.2+4122 3.27 ± 0.07 0.9 1.986 0.311
RX J1414.3+3636 3.09 ± 0.08 1.1 1.214 0.617
RX J1631.5+4228 2.52 ± 0.07 1.1 0.417 0.527
Table 6.2: Results of fits to the X-ray spectrum of 10 X-ray bright SXS AGN. The model used was
a power law with absorption by the ISM whose column density was fixed at the value determined
by radio observations of HI clouds. The average photon index is (r) = 3.0 ± 0.26, where the error
bar represents the RMS of the distribution.
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distributed around this mean with an RMS of 0.255. This result is significantly steeper than the
mean photon index of -1.7 for AGN in the 2-20 keV band[111]. I judge the scatter in the SXS
photon index to be sufficiently narrow to justify characterizing this class with the mean power-law
spectrum.
Since the average intrinsic spectral form of the SXS AGN and the column density of Galactic
hydrogen have now been determined, the only remaining free parameter is the normalization of the
spectrum which is scaled to agree with the observed count rate. From here onward, I will take the
soft X-ray luminosity (L.) to be calculated from the integrated, unabsorbed flux density over the
0.1-2.0 bandpass, using equation 6.6 with a = -1.998, unless otherwise specified.
6.2.3 Optical Completeness of the Flux Limited Sample
In Chapter 2, I demonstrated that the flux limited sample (FLS) is complete in X-ray flux to a count
rate of well below 0.010 counts s- 1, although I adopted a more conservative sample limit of 0.014
counts s-1 (Figure 2-7). However, as noted in Chapter 3, the optical identification campaign has not
been completed among the FLS. Of the 176 objects in the FLS, 82 (47%) have been identified with
optical counterparts. Assuming that the all of the remaining unidentified sources are in fact AGN,
the most pessimistic of all assumptions, then only 42% of the FLS AGN are identified. Nevertheless,
useful results can be obtained by assuming that the completeness factor lies in the range of 0.42
- 1.0. It is possible that the remaining AGN have systematically different properties than those
optically identified, but we may make further allowances for resulting modification in the shape
of the luminosity function. However, there is some evidence that the properties of the yet-to-be-
identified AGN and the known AGN are likely to be similar as the results of the (V/V,,ma) and
luminosity function studies for SXS AGNs are consistent with other, optically complete samples of
AGN selected on the basis of general X-ray detection in both the 0.1-2.4 and 2-10 keV bands. Even
in the worst case scenario, my results are very indicative of interesting properties among SXS AGN,
and the importance these objects may have for our understanding the physical nature of AGN and
also the larger question of the origin of the cosmic X-ray background (CXRB).
6.3 Results and Discussion
6.3.1 Redshift Distribution of SXS AGN
As noted in the introduction, supersoft AGN were thought to be a low-luminosity phenomenon,
primarily found among the narrow-line Seyfert I galaxies. C6rdova et al. [28] in their survey of "ul-
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trasoft AGN" found with the Einstein observatory that most of their sources have low redshifts. High
luminosity objects are sufficiently unusual that Puchnarwicz, Mason, and C6rdova [125] published
a 1994 paper on E1346+266, an ultrasoft AGN at z=0.92.
Figure 6-1 shows the redshift distribution of the identified SXS AGN, with members of the FLS
indicated by the hatched histogram. I find 73 of the 195 AGN (37%) with measured redshifts at
z > 0.75. Among the AGN in the FLS, 16 of 66 (24%) meet this same criterion. When the V-band
luminosities are considered, 122 of 194 AGN (63%) have My < -23, our criterion for classification
as a quasar. The complementary measurement for the FLS is 36 of 66 (55%). The brightest SXS
AGN (RX J1106.0+6400) has My = -29.65.
In short, I find that the SXS AGN phenomenon is not limited to low-luminosity, small redshift
sources; rather Figure 6-1 indicates a continuous distribution out to z = 2.5. The soft X-ray
sensitivity of ROSAT and the long exposure times from some of the pointed observations help
discern such sources when previous missions could not do so.
6.3.2 The X-Ray/V-Band Flux Ratio
The F/Fopt ratio is an important quantity for the planning of multi-frequency studies and for
comparing SXS AGN with other samples. Additionally, this ratio can be used to evaluate the
search efforts for unidentified fields, particularly the "blank fields" discussed as possible neutron
star candidates in Chapter 3.
In Figure 6-3 I plot the soft X-ray flux (0.1-2.0 keV) as a function of V-band flux (roughly
5500 ± 500 A) for the raw values (panel a) and after correction for interstellar absorption (panel
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Figure 6-2: Absolute V-magnitude as a
function of redshift. The point of demarca-
tion between low-luminosity Seyfert Galax-
ies (upper portion) and high-luminosity
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Figure 6-3: The soft X-ray vs. V-band flux distribution for SXS AGN. Panel (a) shows the data
uncorrected for absorption in the ISM. Panel (b) results from applying the extinction correction.
Filled points represent sources in the FLS.
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b). Here, no attempt was made to restore the spectrum to the rest frame of the AGN. I find
(F /Fv) = 2.29 + 388 and (F/Fv) = 5.37+9.08 for the uncorrected and corrected ratios, respectively.
Note that astronomers familiar with the F/Fopt ratio may find these results somewhat larger than
expected for AGN. Often F/Fopt is quoted for the bandpasses are 2-10 keV in the X-ray and
3500-7500 in the optical. The V-band is 4 times smaller and accounts for much of this discrepancy.
While the ratios I quote are non-standard, they are precisely what are required to make the
predictions for what I should expect to see in the optical (either on CCD images or finding charts)
based on the soft X-ray count rate. Using the PIMMS routine, I find that an X-ray detection of 0.014
ROSAT PSPC counts s-1 between 0.24 and 2.0 keV (the energy band used in the WGA catalog)
yields an absorbed energy flux of 1.46x 10-13 ergs s-1 cm - 2 (3.45x 10- 13 erg s-1 cm - 2 unabsorbed)
in the 0.1-2.0 keV band. This assumes a power-law spectrum with F = 2.998, as determined above,
and a column density of 1.4x 1020 atoms cm - 2. For a fixed spectral form, the soft X-ray energy
flux scales linearly with the count rate. Given this and the uncorrected X-ray-to-V flux ratio, the
V-band flux follows:
-14 R F/Fy-1
0.014 cnt s-1  2.29
Using the relation between apparent magnitude and the optical flux density (Allen [2, p. 197]), I
can predict the magnitude for SXS AGN as a function of X-ray count rate and flux ratio, scaled to
the most typical case and the threshold of the FLS:
mv = 19 .2 - 2.5 log 0 1 4  + 2.5log . (6.10)
Therefore, at the flux limit of the FLS I expect to find most of the SXS AGN near a value of my
equal to 19.2, with only the 2o- "optical" stragglers fainter than 20.8. This fact argues that a 4
meter class telescope will be required to make this survey optically complete. It also implies that
given an X-ray count rate and a magnitude limit on a blank field, I can determine how likely it is
that there is an SXS AGN in the field among the optical objects which have not been spectrally
observed. Elimination of SXS AGN as a possible identification strengthens the case for these blank
fields as isolated neutron stars.
6.3.3 Spatial Distribution of AGN in the FLS
In Chapter 2, I calculated (V/Vmax) = 0.598 ± 0.017 as averaged over the entire flux limited sample.
The significant deviation from 0.5 was expected as many sources in the flux limited sample are located
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at a significant distance (z > 0.1) where space is no longer Euclidean. In this section I take a more
careful approach to determining the value of (V/Vmax) for 66 of the 68 identified AGN in the flux
limited sample (two sources do not have measured redshifts).
Much like the luminosity distance defined (for an Einstein-de Sitter model universe) in equa-
tion 6.5, volume also becomes a function of redshift [5, 180]:
V(z) = A dz', (6.11)
o Ho(l + z') 3 (1+ z)1/2
where AQ is the solid angle subtended by the sample in steradians, and qo = 0.5 has been assumed
as per the choice of cosmology. Given an observed redshift, it is an easy matter to numerically
integrate equation 6.11 to determine the volume enclosed to the position of the source.
The determination of Vma, is somewhat more subtle. Begin by recalling equation 6.6 which
relates the flux in a given bandpass in the observer's rest frame, to the source luminosity in that
same bandpass. In this application, I attempt to determine at what redshift, zma a given source
would fall below the limiting flux of the sample Fim. For this test, I am interested in the observed
flux not the unabsorbed flux used to determine the intrinsic luminosity of the AGN above. However,
this "unabsorbed luminosity" remains an intrinsic quantity, and can be used as a conversion constant.
As such:
41rdL,oFo(1 + zo)-(1+a) = 4rd ,marF (1 + Zmax) - (1+ a), (6.12)
where the "o" subscript refers to the observed values. In general, equation 6.12 must be solved
numerically for Zmax. The limiting volume, Vmax is found by integrating equation 6.11 using zmax
as the upper integration limit.
For the 66 identified AGN in the flux limited sample with measured redshifts I find (V/Vmax)
= 0.609 ± 0.036, significantly removed from the expectation value of 0.5. I plot a histogram of the
individual V/Vma,,, contributing to the average in Figure 6-4. The lack of contribution from the first
bin and the over contribution from the fourth bin generate the large value for (V/Vmax). Similar
results (i.e., (V/Vmax) - 0.6 - 0.7) have been found in other studies of AGN (e.g., a soft X-ray
selected sample of AGN [119] and a 2-10 keV X-ray selected sample of AGN [56]).
The (V/Vma.) test does not require any specific type of sample (e.g., one that is complete).
Because of this, I am free to use the (V/Vmax) test on any given subsample of the data, and the
expected result should be 0.5. I performed two such tests, binning the data into groups defined by
redshift (Figure 6-5) and X-ray luminosity (Figure 6-6). The lo error bars on these two figures are
calculated following Avni [6] as (12N) - 1/2 . In both figures the results are non-uniform. Sources with
z < 0.5 seem to be distributed uniformly in space, while the higher redshift objects are located much
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closer to their limiting volume. Similarly, low luminosity objects are distributed roughly uniformly,
but as L, becomes greater than 3x1045 ergs s-1, the objects are again located much closer to the
limits of their observable volume.
In neither case were the measured volumes weighted to compensate for "evolution" (changes
in the spatial distribution or luminosity of the AGN due to "looking back" into their evolutionary
history as a function of redshift). I conclude that there is evolution in the SXS AGN sample, and
since (V/Vma,) > 0.5 at large redshifts and luminosities.
6.3.4 Further Diagnostics of the Flux Distribution in the FLS
Errors are inherent in any physical measurement, such as the count rate which I use to select sources
for the flux-limited sample. Such errors imply that some sources which were measured to have count
rates above 0.014 counts s-1 (and therefore included in the FLS) when infact they should not have
been. Alternatively, sources could have been excluded from the FLS when they would have passed
all criteria had the observation been longer. Furthermore, these effects are more pronounced at lower
fluxes, where the counting statistics are more poor. The scattering in and out of the FLS is not
symmetric for two reasons. First, there are more sources which have fluxes just below the cut-off
than ones with fluxes just above the cut-off. Second, the errors below the cut-off are systematically
larger than those above the cut-off. Both of these effects indicate that more sources will tend to
scatter into the sample than out of it. Because the the sources which scattered in will be very close
to the flux limit (they barely made it into the sample on the basis of a statistical fluctuation), they
will be preferentially closer to the limiting volume thereby inflating the (V/V,a,) statistic from
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its typical value of 0.5. This effect is known as the "Malmquist bias." Given that I measured a
(V/Vma,,) = 0.609, I present a modified version of the (V/Vmax) test which shows that my sample
is not significantly contaminated by this effect.
The natural question to ask when looking for the Malmquist bias is "Does the value of (V/Vma,,,)
get systematically larger as one isolates fluxes near the limit of the sample?" However, the method-
ology to do this test isn't as simple as the above where I looked for systematics in (V/V,,,ma) as a
function of redshift by binning the data into common redshift groups, then performing the standard
test on these subsets. Consider the (V/V,a,) test as previously described. A source of a given count
rate and redshift is "moved" to a new, larger redshift, zmax, such that the adjusted count rate would
be equal to the flux limit of the sample. This defines Vm,, as the total volume in a sphere out to
zmax. However, this definition is contingent on the possibility that the source could have an infinite
count rate, i.e., it could be located right on top of us. If the sample in question had a upper flux
limit, there would be a minimum volume, Vmin, associated with the upper flux limit, i.e., one would
"move" the source to a new, "smaller" redshift such that the adjusted count rate would be equal to
the upper flux limit. The relevant test then would be that the average position of a source in the
sample is 1/2 the sample volume:
V' V - Vmin( V = V (6.13)Vm ax Vmax - Vmin
When I tested for redshift dependence, I did not introduce an upper flux boundary so the
(V/Vmax) test was valid. However, once I introduce flux bins as is needed for checking on the
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Malmquist bias I do introduce such a limit - if the source was "moved" closer than a certain point,
then it would no longer belong to the bin from which it originally came.
To test for the Malmquist bias, I grouped the sources into flux bins, each with their own upper
and lower limits, and perform the (V'/V ,,) test on each bin independently. If the Malmquist bias
is affecting the data, then one would expect the lowest flux bin to have a (V'/V'',,) significantly
larger than the rest. I performed this calculation for AGN in the FLS, dividing the data into
logarithmically spaced flux bins with enough resolution that one can identify the AGN near 0.014
counts s - 1 (i.e., binned Fmax = 1.25Fmin of the FLS). As demonstrated in Figure 6-7, there is no
sign of significant departure from the expected value at low fluxes.
6.3.5 The Supersoft AGN Luminosity Function
The luminosity function, (, represents the total number density of a given class of objects per
luminosity interval. Consider an interval AL about luminosity L. For each AGN which falls inside
this luminosity interval it defines a volume given by the distance at which the source would be too
X-ray faint for inclusion in the FLS, i.e. Vma, as defined above. The number density represented
by this source is then 1/Vmax. Define the density function, ¢(L), as:
(L) = x, (6.14)
where the sum is taken over all AGN within a luminosity interval characterized by L. It is an
easy matter to see, that equation 6.14 is the average density of sources in the luminosity interval,
multiplied by the total number of sources in the interval. The value of the the luminosity function
in this bin is:
=(L)  ¢(L)/AL, (6.15)
which normalizes the value for the size of the luminosity bin.
I compute a luminosity function for the 66 SXS AGN in the flux-limited sample, presented in
Figure 6-8. While a formal error can be defined by propagating measurement errors, these are
small with respect to the statistical uncertainty resulting from the limited number of sources in each
bin. Therefore, two-sided Poisson error bars are reported for each bin. The solid dots in Figure 6-
8 represent the value of I for the FLS AGN that have been optically identified. For simplicity,
I will frequently refer to L 44 , the soft X-ray luminosity (0.1-2.0 keV) in units of 1044 ergs s- 1.
Additional AGN which have thus far gone undetected would increase the measured value within
each luminosity bin for which new sources are found. The data points represented by open dots
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Figure 6-8: Binned luminosity function of identified AGN in the flux-limited sample. The filled dots
represent the luminosity function as measured. The open dots extrapolate this solution such that
the remainder of the sources in the FLS are also AGN with the same relative proportion as the ones
actually observed.
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Points Fit Index Normalization X /d.o.f.
All data (0.1 < L 44 < 1000) -1.857+.u 2.867 x 10- 7  6.63/5
High Lum. (10 < L44 < 1000) -2.287+0.247 1740 + 3.988 10-6 0.024/1
Low Lum. (0.1 < L4 4 < 10) -1.642 226 2.666 10- 0.527/2
Low Lum. (0.3 < L44 < 10) -1.7210.274 2.913+841 X 10- 0.154/1
Table 6.3: Power-law fits to the measured soft X-ray luminosity function presented in Figure 6-8
(filled points).
assume that the remaining 94 unidentified sources are all AGN and that they maintain the precise
luminosity distribution defined by the measured sources, effectively shifting the data points to higher
values of 4. These two results may bracket the statistics of the FLS SXS AGN, and we describe
the manner in which we fit the upper and lower limits to the SXS AGN luminosity function in
section 3.3.2.7.
I made a series of power-law fits to the measured soft X-ray luminosity function (solid points in
Figure 6-8) and report the results in Table 6.3. A single power-law of index -1.85 does an adequate
job fitting the entire range 0.1 < L 44 < 1000. Careful inspection of the plot indicates a break
in the power law in the vicinity of L44 = 10. Formal fits confirm this. For 0.1 < L 44 < 10 the
power-law index is more shallow (-1.64) than for the data set taken as a whole. The high luminosity
(10 < L 44 < 1000) region is steeper, with an index of -2.287. Then I tried a broken power-law fit
in and attempt determine the break point, normalization, and power law indices self-consistently.
Noting the limitations in using 4 parameters to fit 7 points, I found almost exactly the same results
as in the case where I fit the high and low luminosity cases separately as described above. The break
point was found to be L44 = 17.84, but no formal error could be derived for this value (the fit was
insensitive to small adjustments in the break point with so few degrees of freedom). I conclude the
break point is somewhere near a luminosity of 1045 ergs s- 1.
It is very likely that the break in the luminosity function, despite the limited statistics and
incomplete identifications, is a real feature. Both Maccacaro et al. [96] and Page et al. [119] find
soft X-ray luminosity functions which show similar breaks (from generally detected AGN, not SXS
AGN), although they find break points closer to L44 = 1. Maccacaro et al. selected their sample
from the Einstein IPC Extended Medium Sensitivity Survey. That project selected targets based
on their emission in the 0.3-3.5 keV band. Page et al. perform a study very similar to our own,
selecting serendipitous sources from ROSAT PSPC fields; however, they do not screen their sources
for having supersoft spectra. The similarity of the results in the different projects suggests that SXS
AGNs are a routine subclass that occur wherever normal AGN are found.
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6.3.6 Contributions to the X-Ray Background
From the luminosity function calculated above, I can make an estimate of the contribution that
supersoft AGN make to the soft cosmic X-ray background (CXRB). The theoretical development
below closely follows that of Avni [5].
I seek to calculate IE, the contribution of SXS AGN to the CXRB in units of keV s-1 cm-2
keV-1 sr- 1. If I let BE (E, z) be the amount of energy emitted per co-moving volume as a function
or redshift (units: ergs s- 1 Mpc-3 keV-1), then IE is given by:
1 = IZm dV(z') (1 + z')BE[E(1 + z'), z']dz,IE(E) = jz dz' 47rd [z'] (6.16)
7r o dz' 4xd 2[z,]
where the differential volume element is found from equation 6.11 and dL is the now familiar lumi-
nosity distance.
Using the approximation that spectra of individual SXS AGN spectrum are given by a power-law
with photon index r, then Avni [5] determines:
BE [E(1+ z),z] = p[z](1+ z)l-rBE[E, z = 0]. (6.17)
The function p(z) represents a weighting factor used to model the changes in AGN density as a
function of redshift. I do not attempt to use any evolutionary scenarios (the sample is not large
enough to do so); therefore, I will take p(z) - 1. Now that the redshift dependence has been removed
from B it is easy to calculate from the luminosity function (see Maccacaro et al., [96]):
BE (E, z 0 1 ) J L'][L']dL', (6.18)
B(E) - E2 - E1 Lmtr
where E1 and E2 are the limits of the energy band over which we determined the X-ray luminosity
(0.1-2.0 keV). Putting all of these terms together, I can write down the flux density per steradian
for the contribution of SXS AGN to the CXRB:
IE(E) = (4CHo) (E2- E1) p(z')(1+ z)-3/2-rdz'] X [ L' [L']dL' . (6.19)
I consider two cases for determining the contribution that SXS AGN make to the CXRB. First,
I use the broken power-law fit (with the break occurring at L = 1.7x 1045 ergs s- 1) to the measured
luminosity function. This assumes that none of the unidentified sources in the flux limited sample
are AGN, an almost certainly false claim, and provides a firm lower limit. In the second case, I
include the scaling factor of 2.4 which adjusts the sample such that all of the remaining unidentified
178
CHAPTER 6. SUPERSOFT ACTIVE GALACTIC NUCLEI
objects are taken to be AGN. Additionally, I ignore the luminosity function break and extrapolate
the low luminosity power-law (0.1 < L 44 < 10.0) through to high luminosity. This method doubly
overestimates the number of SXS AGN, and I use this as a firm upper limit for the SXS AGN
luminosity function. Both cases are integrated to determine the average emissivity per unit volume
in the 0.1-2.0 keV band, (BE) = 1.08x 1039 ergs s- 1 Mpc - 3 keV - 1 as an upper limit, and (BE) =
1.94x 1038 ergs s- 1 Mpc - 3 keV - 1 for the lower limit. Using equation 6.19, and assuming no evolution
(p(z) = 1), I find:
( 6.84 keV s- cm - 2 keV - 1 sr - 1 Upper limit(IE) = k(6.20)
1.23 keV s- 1 cm - 2 keV - 1 sr - 1 Lower limit
where the average is taken over the 0.1-2.0 keV region.
Note that the CXRB is almost never considered in the 0.1-2.0 keV band as above. Typically, the
CXRB is broken into a number of empirically defined subregions, each thought to have a different
dominant emission mechanism. Because I have used a well-defined spectral form for the individual
AGN, I can compute a conversion factor for different regions:
(2.0 - 0.1) f E r)d (6.21)(= £0 (6.21)(E 2 - E1 ) o 2 0 E'l(1-r)dE'
where E1 and E 2 are the limits of the CXRB bandpass and F is the photon index of the power-law
describing the AGN spectra (F = 2.998).
The contribution of SXS AGN to the 1.0-2.0 keV region of the CXRB can be determined by
multiplying the values in equation 6.20 by a conversion factor ( = 0.101 (0.69 and 0.12 keV s - 1
cm - 2 keV-1 sr-1 in the extrapolated and broken power-law cases). By comparison, Chen, Fabian
& Gendreau [26] (using both ASCA and ROSAT data) and Hasinger et al. [64] (using ROSAT) find
9.1 and 7.8 keV s - 1 cm - 2 keV - 1 sr - 1 , respectively. The SXS AGN therefore represent between
2-9% of the measured flux in the 1-2 keV band. As we would expect, since there is little flux above
1 keV, the SXS do not contribute a substantial portion of the CXRB above 1 keV.
The 0.25 keV, or C-band, extends from 0.100 to 0.284 keV and is a very complex region for study.
Most of the flux is thought to be the result of emission from either "the local hot bubble," a region of
space with about a 100 pc radius filled with a 106 K gas, and soft X-rays created in the Galactic halo.
The extragalactic component may be substantial, but its relative importance is not well constrained
[152]. In any case, McCammon & Sanders [105] show that in the C-band the contribution to (IE)
from the extragalactic and halo components averaged over the sky, is about 40 and 80 keV s- 1 cm-2
keV-1 sr - 1 , for IbII| < 200 and Ib"lI > 600, respectively. In the direction of the SMC, an upper
179
CHAPTER 6. SUPERSOFT ACTIVE GALACTIC NUCLEI
limit of 45 keV s- 1 cm - 2 keV - 1 sr - 1 is placed on the contribution to the C-band flux by sources
located beyond the SMC [105] (i.e., the extragalactic component alone). These measurements are
corrected for the effects of absorption in ISM. In contrast, extrapolation of a power-law fit to the
CXRB in the 3-10 keV band (which is thought to be of extragalactic origin) contributes only 17
keV s - 1 cm - 2 keV - 1 sr- 1 . This leaves an excess of emission that must be explained via the galactic
halo and additional extragalactic components.
Letting E 1 = 0.1 and E2 = 0.284 in equation 6.21, I calculate ( = 7.04. This means I find 8.7
and 48.1 keV s - 1 cm - 2 keV - 1 sr- 1 in the low and and high limit cases, respectively. The lower limit
to the contribution of SXS AGN in the C-band is therefore fully one half the extrapolation of the
CXRB from 3-10 keV into the C-band. Since these limits bracket the extragalactic C-band excess
as found above, indicating the SXS AGN are likely to play a very important role in contributing to
this flux.
6.4 Conclusions
1. I have identified 201 supersoft AGN, 73 of which are (to the best of my knowledge) newly
discovered AGNs.
2. Of the 195 AGN with measured redshifts, 73 (37%) have redshifts larger than 0.75. Among
sources in the flux limited sample, 16 of 66 (24%) are found in this range.
3. While the FLS is complete in the X-rays to 0.014 counts s- 1, only 47% of the sources have
been identified optically. However, many of the statistical properties of the SXS AGN resemble
"normal" AGN, suggesting correlated origins and limits to the biases of the underlying portion
of the FLS.
4. Of the 194 objects with both redshifts and my determined, 122 (63%) have absolute V-band
magnitudes less than -23, the level adopted for the bifurcation of quasars and Seyfert galaxies
[186]. In the FLS, 36 of 66 (55%) have My < -23.
5. On the basis of power-law fits to ten X-ray bright SXS AGN at redshifts between 0.1 and 1.0,
I find a mean photon index of 2.998 with a RMS about this mean of 0.255.
6. I determine the (F,/Fv) (measured over the 0.1-2.0 keV range in X-rays and the 5000-6000 A in
the optical) to be 2.29+ 3.88 and 5.37+9.08 in the absorbed and unabsorbed cases, respectively.
Given these numbers, I am able to determine confidence limits on the likelihood that an
apparently "blank field" contains an optically faint SXS AGN. In the case of a count rate at
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the FLS limit (0.014 counts s-l), only SXS AGN over 2o- fainter than the mean will be fainter
than my = 20.8
7. The (V/V,,ma,) tests exhibit indications that the SXS AGN are not distributed uniformly in
space. Looking at the data binned according to common redshift and common X-ray luminosity
indicate that the data show evolution (i.e., that the luminosity and/or number density of
sources in changing with redshift, or equivalently, look-back time). I make no attempt to
determine the form of such evolution. Tests of the SXS AGN show no signs of the effects of
Malmquist bias.
8. The SXS AGN in the FLS provide a means of estimating their soft X-ray luminosity function.
The observations per se form a lower limit to such a function. An upper limit is obtained
by re-scaling the sample, assuming that the unidentified sources in the FLS are AGN and
additionally ignoring the break to lower numbers of high-luminosity AGN above 1045 ergs s-1.
9. For the identified portion of the FLS the soft X-ray luminosity function (lower limit) is best fit
by a broken power-law, the low luminosity data being fit with a photon index of 1.42 and the
high luminosity data at 2.29. The break luminosity is 1.7x 1045 erg s- 1, which is somewhat
larger than the breaks found in similar studies.
10. While the actual numbers are subject to some uncertainty due to details in the analysis proce-
dure and optical completeness, I find that SXS contribute only a limited amount (2-9%) of the
flux in the 1.0-2.0 keV band of the CXRB. However, the SXS AGN are like to play a crucial
role in the extragalactic portion of excess CXRB emission at 0.1 to 0.28 keV (C-band) which
can not be explained by extrapolation of the fit to the 3-10 keV data.
Appendix A
An Illustration of P Cygni
Absorption
P Cygni profiles consist of an emission line with an absorption trough slightly blueward of the
emission. This profile is the result of a wind being accelerated from the surface of the star. Atoms of
gas in the wind preferentially absorb photons with energies as measured in the rest frame of the atom
that correspond to quantitized electronic transitions. A full calculation of the P Cygni phenomenon
involves scattering of photons into and out of our line of sight. I present an illustrative calculation
of the absorptive part of the interaction as a primer on the relevant physics. I do not consider
scattering. The emission line component of the profile is simply added in an "ad hoc" fashion.
Consider a cloud of some composition at some temperature T moving radially towards an ob-
server with bulk velocity vo. To determine the absorption feature profile three questions need to be
answered: which photon frequencies are absorbed, how effective are the absorbers on an individual
level, and how many atoms are eligible to absorb? These results can be combined into an optical
depth and the corresponding absorption.
The one dimensional velocity distribution (in the observer's frame) of gas particles in the cloud
follows a Maxwell-Boltzmann distribution:
mtz -m(va-vn) 2
f(Va) dva = e 2kT dva (A.1)2V irkT
where m is the mass of the absorber and Va is the velocity of a given particle in the cloud.
This cloud absorbs photons of frequency vL as measured in the rest frame of the absorber,
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boosted from the observers frame. Thus
Va ~ VL(1 + va/c) (A.2)
which means that the absorption frequency is blue shifted from the rest value, as is expected for a P
Cygni profile. Combining equations A.1 and A.2 along with Parceval's Theorem (f(v) dv = f () dv)
I can transform the velocity distribution into an absorption frequency distribution, namely:
-mz 
2 
(,,a.- ,0)
2
S mc 2kT (A.3)
e Lf( a) = e 2kTIL (A.3)
An atom traveling at the mean speed of the cloud would absorb at frequency vo. Note that all
frequencies are measured in the rest frame of the observer.
The second question, how effective are the absorbers, is a result of quantum mechanics which I
will not reproduce here (references can be found many texts, e.g., Rybicki & Lightman [140]). Allen
[2] quotes the cross section of bound-bound (line) absorption as:
0-(V) = (fabs) ((v>,4r2 (A.4)
mec (V - Va)2 + (7/47)2
where y is the line width and fab, is the "oscillator strength" for absorption at the line of interest.
Equation A.4 defines the Lorentzian or natural profile. The line width is a measure of the uncertainty
in line energy due to the sort lifetime of the excited state.
The final piece is the number density of absorbers. Begin with the total number density of
particles in the cloud (nT = p(r)/z, mp). Note that we have already selected out atoms of one type
(e.g., hydrogen) in this formulation.
Since the cloud is at a temperature T (- 104 K), some of the atoms are ionized and do not absorb
at the frequency of interest (note they do absorb at other frequencies, the complete solution would
include a sum over all relevant vL). This relation is governed by the Saha equation for ionization
(for A ~A+ + e):
nA+ ne 2ZA+ 27rmekT 3/2 -/ (A.5)
nA ZA h2(A.5)
where Zi is the partition function of species i and X is the ionization potential. Noting that nA +
nA+ = nT and ne = nA+ we can determine nA = nT + H/2 - /nTH + (H/2)2 where H is the right
hand side of the Saha equation above.
In addition to ionizing some percentage of the absorbing media, the temperature of the cloud also
populates different energy levels of the atoms that remain bound. The population if the jth energy
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level is nj = (nl)(gj/gl)eEJ /kT where nl is the density in the ground state, gi is the statistical
weight for energy level i, and Eli is the energy difference of the jth level and the ground state. To
a very good approximation nl - nA, the total number of bound atoms.
After putting all of these effects together, the number density of eligible absorbers is:
nabs = [nT + H/2 - nTH + (H/2)2] [(gj/g)eElikT] (A.6)
where nT = p(r)/z mp and all other variables are as previously defined.
This is all of the components needed to compute the optical depth (dr(v) = u(v) nab f (va)dva dr)
of the cloud. Since the solution of the fundamental of radiative transfer for the case of pure absorption
is simply I,(r) = I,(O)e -T(V) determination of the optical depth defines the solution. Putting
equations A.3, A.4 and A.6 together we get a rather messy equation:
() = 2) (fb ( kT (n + H/2 - H + (H/2)2)i(l 4T ( -M .L 1 7r 2 
- C2 &mc2(v -,0)2
2/4 kT&, dv dr (A.7)
S ( - Va) 2 + (-y/4r)2  e L dva dr (A.7)
where many of variables (e.g. nT, vo) are implicit functions of radius and H is the right hand
side of the Saha Equation as defined above. The integral over va is a convolution of the frequency
distribution with the natural line profile.
This expression can be solved numerically; however, a few approximations can be made to simplify
the expression. Assuming the profile width of o(v) is small compared to the thermal width, we can
approximate the cross section with a delta function:
CHm) = re2) (f.os)S(v-V.)
kmec
which simplifies the above expression dramatically,
r(V) = r (fb) eE_,/kT
x nT 1 + H/2nT - HInT + (H/2nT)) e 2kT dr. (A.8)
Realizing that M = rpr 3 , taking a time derivative, and regrouping yields p(r) = . Plugging
this into the number density gives a result that is a measure of the mass transfer rate.
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At this point a wind profile must be selected. Following Castor, Abbott, and Kline [22] we use
vo(r) = vo(1 - R./r)"
where v, is the terminal velocity, R. is a length scale, and r is an adjustable parameter which
modifies the shape of the wind profile (Castor, Abbott, and Klein use 77 = 0.5). It follows vo(r) =
VL(1 + vo/c). Plugging this into the optical depth equation, we find an integral over r of the form:
= 1 + H/2nT - /H/nT + (H/2nT) 2 E[L -1)-(,1-R./r)"() = JR r 2 (1 R/r))e th dr,
and HInT becomes:
H/nT = C 2r2(1 - R,/r)
where C1 and C 2 are sets of physical constants. In the process we have defined the dimensionless
terminal velocity (oo = voo/c) and dimensionless thermal velocity (0th = kT/mzc 2).
By making a change of variables we can turn the integral over r into a dimensionless quantity.
Define s - R,/r, then ds = -R/r 2 dr. The optical depth integral in this approximation is:
1 S2 R p 2 [(Y/r, -1)-00(1-)"l" ds
r() = 2(1 +  e 2h (A.9)
(1 -) 2s2 2(1- s)1 4S4
where
e= T (ire 2 )( faIbs (j IElh/kT) ( 4  r ) (A.10)V 2:5T (Me R.VL g 4pz mpvo '
and (2ZA+ 21rme kT 3/2 47mppzvoR* _
= ZA ) ) (e-/AT). (A.11)
Note that all quantities are dimensionless as should be for optical depth!
I evaluated equation A.9 for the wavelength interval near the HO line transition (neutral hydrogen
n = 4ton = 2). This choice determines a the majority of the system constants [2]:
x = 13.6 eV,
E12 = 10.2 eV,
ZH+ IZH = 1/2,
fabs = 0.1193,
92/91= 2.
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In Figure A-1, I have assumed a constant continuum and a narrow line, computed the absorp-
tion, then convolved the result with the Gaussian of FWHM 200 km s- 1. The absorbing gas is
maintained at T = 15, 000 with M= 4x10 - 10 M® yr - 1. A wind acceleration parameter of 71 = 0.5
is utilized. The computed absorption profile looks very much like the observed P Cygni profiles in
RX J0019.8+2156 qualitatively; however, there is a need for refinement. Most notably, each photon
absorbed through the bound-bound process, will be re-radiated in some direction - this process
has not been considered.
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Figure A-1: Calculated P Cygni absorption for a H/3 line and an absorbing gas with M = 4x 10- 10
Me yr - 1 , maintained at temperature T = 15,000 K, and with a wind acceleration parameter of
rq = 0.5. The raw profile (top) is convolved with a 200 km s - 1 (FWHM) Gaussian (middle). The
optical depth as a function of wavelength is shown in the bottom panel.
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Appendix B
An Atlas of Spectra for New SXS
Identifications
In this appendix I present optical spectra for each of the objects discovered during the observing
campaign. In many cases, the data was smoothed and cosmic rays manually deleted to improve the
legibility of the spectra. The original data is available upon request.
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Appendix C
Finding Charts for New SXS
Identifications
On the following pages I present finding charts for all the new identifications made during the optical
observing program. The fields are selections from the digital sky survey and, therefore, are scans
of the POSS-R or ESO-J plates for fields north and south of the celestial equator, respectively. All
finding charts are 6' x 6', centered on the X-ray position. The ROSAT PSPC error circle (90%
confidence limit) is drawn and its radius in arcseconds is given beneath the finding chart.
Two fields (RX J0203.8+2959 and RX J1030.4+5514) do not have a marked star because the
original information is missing. Two other fields have two stars which are identifications (RX
J0914.4+5241 and RX J0942.8+7002). Finally a number of identifications are high proper mo-
tion targets and therefore appear very far from the center of the error circle. These include RX
J0542.1+1229, RX J0914.4+5241, and RX J1103.3+3558.
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